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PSYCHOPHYSICALLY DERIVED WORK FREQUENCIES FOR
MANUAL POURING OPERATIONS IN THE FOUNDRY

Sadat Karim, M.S.
Western Michigan University, 1998

This paper presents a study on a combination lift and carrying task and was
designed to simulate a metal pouring operation commonly found in foundries. Two
laboratory experiments were conducted. The first experiment was designed to study
the effects of two different mold heights (0.6096 m. and 0.4572 m.) and two carrying
distances (1.2192 m. and 4.572 m.) on physiological response variables and on
subjects' rating of perceived exertion while performing a simulated pouring operation
at a documented foundry frequency. The second experiment was designed to
determine maximum acceptable task frequencies (MAF) for males performing a
simulated pouring operation at two different mold heights and carrying distances,
using psychophysical methodology. Ten healthy males served as subjects in these
experiments. Results showed that MAF decreased significantly with the increase in
both mold height and carrying distance. These results were supported by various
physiological variables and ratings of perceived exertion. Results indicated that the
subjects selected a frequency as their MAF which was 24% lower than the foundry
frequency as the carrying distance increased from 1.2192 m. to 4.572 m.
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CHAPTER!
INTRODUCTION
Manual materials handling is among the most frequent and severe causes of
injury all over the world (NIOSH, 1985; Gilad and Kirschenbaum, 1986; Kroemer,
1989; Buis, 1990; Evans, 1990). Many of these injuries arise from the improper
handling of materials. The direct and indirect costs are enormous, and the human
suffering associated with low back injuries is immeasurable (Kroemer et al., 1994).
In order to control the frequency, severity, and tremendous economic losses of these
injuries, a variety of research and design guidelines have been proposed (Davis and
Stubbs, 1980; NIOSH, 1981 and 1991; Health and Safety Commission, 1991).
Preventing back injuries is a major workplace safety challenge. Back injuries
can occur from lifting, lowering, pushing, pulling, carrying, holding, releasing of an
object or any combination of these. It is generally believed that many of the manual
material handling injuries occur because workers exceeded, or asked to exceed, their
physical capabilities (Garg, 1980). According to the Bureau of Labor Statistics
(BLS), back injuries account for one of every five workplace injuries or illnesses.
Further, one-fourth of all compensation indemnity claims involve back injuries,
costing industry billions of dollars on top of the pain and suffering borne by
employees. Moreover, though lifting, placing, holding and lowering are involved in
1
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manual material handling (the principal cause of compensable work injuries) the BLS
survey shows that four out of five of these injuries were to the lower back, and that
three out of four occurred while the employee was lifting (OSHA, 1990). Figures 1
and 2 show the relationship between the number of injuries and their cost from 1972
to 1994 and the magnitude of back injuries in relation to injuries in other parts of the
body from 1987 to 1994, respectively, in the USA. It is clear from these figures that
not only are injuries to the back more frequent than to any other body part, the rate of
rise in cost is also very high, especially in the last few years. Manual handling has
been known to be one of the prime causes of back injury. It is reported in the USA
that 60% of people suffering from lower-back injuries claim overexertion caused the
injury. Furthermore, back injuries result in much more lost job time (Chaffin, 1987).
It has been reported by the NIOSH (National Occupational Research Agenda, 1996)
that the total cost of back injuries in the USA in 1991 was between 50 and 100 billion
dollars.
Figure 3 shows the total recordable injuries from 1989 to 1995 for
manufacturing, primary metal, and primary aluminum sectors in the USA (BLS).
Primary metal, which is a subgroup of manufacturing, contributes a high rate of injury
per 100 full time workers. Again, primary aluminum, which is a subgroup of primary
metal, is also responsible for a high rate of injury per 100 full time workers.
For several decades the elimination, or at least a reduction in the risk, of injury
due to lifting tasks has been a topic of interest in many fields of research. Therefore,
the objective of this study was to determine the maximum acceptable frequency.
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Figure 1. Number oflnjuries and Their Associated Cost From 1972 to 1994 in the
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CHAPTER II
REVIEW OF THE LITERATURE
Low-Back Pain
Manual material handling (MMH) tasks, which include unaided lifting,
lowering, carrying, pushing, pulling, and holding activities, are the principal source of
compensable work injuries affecting primarily the low back in the United States
(Battie et al., 1990; Bigos et al., 1986; Federal Register, 1986; National Academy of
Sciences, 1985; National Institute for Occupational Safety and Health, 1981). These
include a large number of low-back disorders (LBDs) that are caused by either
cumulative exposure to manual handling of loads over a long period of time, or
isolated incidents of overexertion when handling heavy objects (Bureau of National
Affairs, 1988; National Safety Council, 1989; Videman, Nurminen, and Troup, 1990).
Low-back pain (LBP) is common in the general population: lifetime
prevalence has been estimated at nearly 70% for industrialized countries; sciatic
conditions may occur in one quarter of those experiencing back problems (Andersson,
1981). Studies of workers' compensation data have suggested that LBP represents a
significant portion of morbidity in working populations: data from a national insurer
indicate that back claim accounts for 16% of all workers' compensation claims and
5
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33% of total claims costs (Snook, 1982; Webster and Snook, 1994b). Studies have
demonstrated that back disorder rates vary substantially by industry, occupation, and
by job within given industries or facilities (Bigos et al., 1986a; Riihimaki et al.,
1989a; Schibye et al., 1995; Skovron et al., 1994).
For injury and illness cases involving days away from work, BLS reports that
in 1994 (the last year for which the detailed data are complete), approximately
705,800 cases (32%) resulted from overexertion or repetitive motion. Specifically:
there were 367,424 injuries due to overexertion in lifting. The majority (65%)
affected the back. Another 93,325 injuries were due to overexertion in pushing or
pulling objects (52% affected the back). In addition, there were 68,992 injuries due to
overexertion in holding, carrying, or turning objects (58% affected the back). The
median time away from work due to these injuries was six days for lifting, seven days
for pushing/pulling, and six days for holding/carrying/turning.
Risk Factors Associated With MMH Activities
The MMH system consists of three main components: (1) the worker, (2) the
task, and (3) the environment. Several worker-, task-, and environment-related
factors have been suggested by various researchers as risk factors in performing
MMH activities. This section deals with these factors that must be controlled or
modified in some systematic manner to reduce the risk ofMMH injury.

7

Worker Related Factors
A worker's ability to respond to external work factors may be modified by
his/her own capacity, such as tissue resistance to deformation when exposed to high
force demands. The level, duration, and frequency of the loads imposed on tissues, as
well as adequacy of recovery time, are critical components in whether increased
tolerance ( a training or conditioning effect) occurs, or whether reduced capacity
occurs which can lead to musculoskeletal disorders (MSD). The capacity to perform
work varies with gender and age, among workers, and for any worker over time. The
relationship of these factors and the resulting risk of injury to the worker is complex
and not fully understood. However the multifactorial nature ofMSDs requires a
discussion of individual factors that have been studied to determine their association
with the incidence and prevalence of work-related MSDs. These factors include age,
gender, anthropometry, strength, physical fitness, body weight, static and dynamic
endurance, cigarette smoking, and training/experience.

It is a well known fact that people experience a decline in their capabilities ..
with increasing age. The effect of aging on MMH capability is rather conflicting.
While it is well established that aging leads to reductions in physical work capacity,
range oflumbar spinal motion, muscle strength, muscle contraction speed, shock
absorbing characteristics of the lumbar disc, intra-abdominal pressure, load
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supporting capacity of the spine, and aerobic capacity (Ayoub and Mital, 1989), its
effect on MMH capabilities does not appear to be significant. Although the
prevalence ofMSDs increases as people enter their working years, by the age of 35,
most people have had their first episode of back pain (Guo et al. 1995; Chaffin 1979).
Once in their working years (ages 25 to 65), however; the prevalence is relatively
consistent (Guo et al. 1995; Biering-Sorensen 1983). Musculoskeletal impairments
are among the most prevalent and symptomatic health problems of middle and old
age (Buckwalter et al. 1993). Nonetheless, the age group with the highest rates of
compensable back pain and strains are the 20-24 age group for men, and 30-34 age
group for women. In addition to decreases in musculoskeletal function due to the
development of age-related generative disorders, loss of tissue strength with age may
increase the probability or severity of soft tissue damage from a given insult.
Another problem is that advancing age and increasing number of years on the job are
usually highly correlated. Age is a true confounder with years of employment, so that
these factors must be adjusted for when determining relationship to work. Many of
the epidemiology studies that looked at populations with a wide age variance have
controlled for age by statistical methods. Several studies found age to be an
important factor associated with MSDs (Guo et al. 1995; Biering-Sorensen 1983;
English et al. 1995; Ohlsson et al. 1994; Riihimaki et al. 1989a; Toomingas et al.
1991) others have not (Herberts et al. 1981; Punnett et al. 1985). Although older
workers have been found to have less strength than younger workers, Mathiowetz et
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al. (1985) demonstrated that hand strength did not decline with aging; average hand
pinch and grip scores remained relatively stable in their population with a range of 29
to 59 years. Torell et al. (1988) found no correlation between age and the prevalence
of MSDs in a population of shipyard workers. They found a strong relationship
between workload (categorized as low, medium, or heavy) and symptoms or
diagnosis ofMSDs.

Gender
Gender differences are also reflected in the MMH capabilities of men and
women. In general, the MMH capability of women is substantially lower than that of
men. Gender differences may be attributed primarily to differences in muscle
strength. On average, a woman's lifting strength is 60-76% of a man's lifting
strength. Specific female strengths may be as low as 33% or as high as 86%. A
similar relationship also exists for muscle power. Biomechanical linkage mechanism
differences between males and females also contribute to differences between male
and female MMH capacity. Furthermore, for the same task, women work closer to
their aerobic capacities than men and, therefore, are at a greater risk (Ayoub and
Mital, 1989). The working capacity of females also falls during pregnancy due to
increases in basal metabolism and in abdominal and pectoral girths (Troup and
Edwards, 1985).
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Some studies have found a higher prevalence ofsome MSDs in women
(Bernard et al. 1994; Hales et al. 1994; Johansson 1994; Chiang et al. 1993). The
reporting bias may exist because women may be more likely to report pain and seek
medical treatment than men (Armstrong et al. 1993; Hales et al. 1994). The fact that
more women are employed in hand-intensive jobs and industries may account for the
greater number ofreported work-related MSDs among women. Bystrom et al. (1995)
reported that men were more likely to have deQuervain's disease than women; they
attributed this to more frequent use ofhand tools. Some studies have reported that
workplace risk factors account for increased prevalence ofMSDs among women
more than personal factors (e.g., Armstrong et al. 1987a, McCormack et al. 1990).
Smoking
Several papers have presented evidence that a positive smoking history is
associated with low back pain, sciatica, or intervertebral herniated disc (Finkelstein
1995; Owen and Damron 1984; Frymoyer et al. 1983; Svenson and Anderson 1983;
Kelsey et al. 1984); whereas in others, the relationship was negative (Kelsey et al.
1990; Riihimaki et al. 1989b; Frymoyer 1993; Hildebrandt 1987). Boshuizen et al.
(1993) found a relationship between smoking and back pain only in those occupations
that required physical exertion. In their study, smoking was more clearly related to
pain in the extremities than to pain in the neck or the back. Deyo and Bass (1989)
observed that the prevalence ofback pain increased with the number ofpack-years of
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cigarette smoking and with the heaviest smoking level. Heliovaara et al. (1991) only
observed a relationship in men and women older than 50 years. Two studies did not
find a relationship between sciatica and smoking among concrete reinforcement
workers and house painters (Heliovaara et al. 1991; Riihimaki et al. 1989b).
Several explanations for the relationship have been postulated. One
hypothesis is that back pain is caused by coughing from smoking. Coughing
increases the abdominal pressure and intradiscal pressure and puts strain on the spine.
A few studies have observed this relationship (Deyo and Bass 1989; Frymoyer et al.
1980; Troup et al. 1987). The other mechanism proposed include nicotine-induced
diminished blood flow to vulnerable tissues (Frymoyer et al. 1983) and smoking
induced diminished mineral content of bone causing microfractures (Svensson and
Andersson 1983). Similar association with diminished blood flow to vulnerable
tissues have been found between smoking and Raynaud's disease.
Physical Activities
It is widely believed that physical fitness improves a person's self esteem and
may even lead to reduction in injuries and incapacity for work (Doelen and Wright,
1979). Physically fit individuals also have a tendency to overestimate their physical
capabilities and tend to take on tasks of greater risk and, consequently, suffer more
severe injuries (Cady et al. 1979). Least and moderately fit individuals, on the other
hand, are most likely to have back or sciatic pain, particularly if they have had a
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history of back disorders (Lloyd and Troup, 1983). The relationship of physical
activity and MSDs is more complicated than just "cause and effect." Physical activity
may cause injury. However, the lack of physical activity may increase susceptibility
to injury, and after injury, the threshold for further injury is reduced. In construction,
workers, more frequent leisure time was related to healthy lower backs (Holmstrom et
al. 1993 ) and severe low back pain was related to less leisure time activity
(Holmstrom et al. 1992). On the other hand, some standard treatment regimes have
found that musculoskeletal symptoms are often relieved by physical activity. Having
good physical condition may not protect workers from risk ofMSDs. NIOSH (1991)
stated that persons with high aerobic capacity may be fit for jobs that require high
oxygen uptake, but not necessarily be fit for jobs that require high static and dynamic
strengths and vice versa.
When physical fitness is examined as a risk factor for MSDs, results are
mixed. For example, some early case series reported an increased risk ofMSDs
associated with playing professional sports (Bennet 1946; Nirschl 1993), or with
physical fitness and exercise (Kelsey 1975b; Dehlin et al. 1978, 1981) while other
studies indicate a protective effect and reduced risk (Cady et al. 1979; Mayer et al.
1985; Strand et al. 1987; Biering-Sorensen 1984). Cady et al. (1979, 1985), on the
other hand, found that physical capacity was related to musculoskeletal fitness. Cady
defined fitness for most physical activities as combinations of strength, endurance,
flexibility, musculoskeletal timing and coordination. Cady et al. (1979) evaluated
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male fire fighters and concluded that physical fitness and conditioning had significant
preventive effects on back injuries (least fit 7.1% injured, moderately fit 3. 2% injured
and most fit 0.8% injured). However, the most fit group had the most severe back
injuries. Low cardiovascular fitness level was a risk factor disabling back pain in a
prospective study among aerospace manufacturing workers by Battie et al. (1989).
Good endurance of back muscles was found to be associated with low occurrence of
low back pain (Biering-Sorensen 1984).
In summary, although physical fitness and activity is generally accepted as a
way of reducing work-related MSDs, the present literature does not give such a clear
indication. The sports medicine literature, however, does give a better indication that
sports involving activities of a forceful, repetitive nature (such as tennis and baseball
pitching) are related to MSDs. It is important to note that professional sports
activities usually provide players (i.e. workers) with more substantial breaks for
recovery and shorter duration for intense tasks as compared with more traditional
work settings in which workers are required to perform repetitive, forceful work for 8
hours per day, 5 days per week.
Strength
Many researchers have suggested that a person's ability to handle loads or
exert forces is limited by his/her muscle strength, static (Ayoub and McDaniel, 1974;
Chaffin et al. 1977; Yates et al. 1980; Mital and Manivasagan, 1983) or dynamic
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(Kamon et al. 1982; Croemer, 1985; Mital et al. 1986). Some study support exists for
the relationship between back injury and a mismatch ofphysical strength and job
tasks. Chaffin and Park (1973) found a sharp increase in back injury rates in subjects
performing jobs requiring strength that was greater or equal to their isometric
strength-test values. The risk was three times greater in the weaker subjects. In a
second study, Chaffin et al. (1977) evaluated the risk ofback injuries and strength and
found the risk to be three times greater in the weaker subjects. Keyserling et al.
(1980) strength-tested subjects, biomechanically analyzed jobs, and assigned subjects
to either stressed or non-stressed jobs. Following medical records for a year, they
found that job matching based on strength appeared to be beneficial. In another
study, Troup et al. (1981) found that reduced strength ofback flexor muscles was a
consistent predictor ofrecurrent or persistent back pain, but this association was not
found for first time occurrence ofback pain. Other studies have not found the same
relationship with physical strength. Two studies oflow back pain reports (or claims)
oflarge populations ofblue collar workers (Battie et al. 1989; Leino 1987) failed to
demonstrated that stronger (defined by isometric lifting strength) workers are at lower
risk for low back pain claims or episodes. One study followed workers for ten years
after strength testing and the other followed workers for a few years. Neither ofthese
studies included precise measurement ofexposure level for each worker, so the
authors could not estimate the degree ofmismatch between workers' strength and
demands. Battie et al. (1990) compared workers with back pain with other workers
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on the same job (by isometric strength testing) and did not find that workers with
back pain were weaker. In two studies of nurses (Videman et al. 1989; Mostardi et al.
1992) lifting strength was not a reliable predictor of back pain.
When examined together, these studies reveal the following: the studies that
found a significant relationship between strength/job task and back pain used more
thorough job assessment or analysis and have focused on manual lifting jobs.
However, these studies only followed workers for a period of one year. Whether this
same relationship would hold over a much longer working period remains unclear.
Studies that did not find a relationship, although they followed workers for a longer
period of time, did not include precise measurements of exposure level for each
worker, so they could not assess the strength capabilities that were important in the
individual jobs. Therefore, they could not estimate the degree of mismatch between
workers' strength and task demands.

Anthropometry
Weight, height, body mass index (BMI) (a ratio of weight to height squared),
and obesity have all been identified in studies as potential risk factors for certain
MSDs. Several studies have also shown that, compared to shorter individuals, tall
people are relatively weaker in lifting strength and more susceptible to back pain as
they have to lean and reach further to pick up or set down a load (Switzer, 1962;
Watson, 1977; Chaffin et al., 1977; Merriam et al., 1983). In fact, some earlier
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studies have shown that shorter weight lifters have an advantage (Keeney, 1955;
Lietzke, 1956).
For back MSDs, Hrubec and Nashold (1975) found that height and weight
predictive of herniated disc disease among World War II U.S. army recruits compared
with age-matched controls. Some studies have reported that people with back pain,
are, on the average, taller than those without it (Rowe 1965; Tauber 1970; Merriam et
al. 1980; Biering-Sorensen 1983). Heliovaara et al. (1987), in a Finnish population
study, found that height was a significant predictor of herniated lumbar disc in both
sexes, but a moderately increased BMI was predictive only in men. Severe obesity
(exceeding 30 kg/m2) involved less risk than moderate obesity. Kelsey (1975a) and
(Kelsey et al. 1984) failed to reveal any such relationship between height or BMI
among patients with herniated lumbar discs and control subjects. Magora and
Schwartz (1978) found an association between obesity and radiological disc
degeneration, but Kellgren and Lawrence (1958) did not. A study of Finnish white
collar and blue collar workers found no association between overweight (relative
weight >120%) and lumbosacral disorders either cross-sectionally or in a 10-year
follow-up (Aro and Leino 1985). An increase in body weight is associated with an
increase in metabolic energy expenditure; therefore a heavier person tends to expand
more energy than a lighter one (Asfour, 1980).
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The V02max of men who are not fat is linearly related to the body weight. The
same is true for women but the relationship has a lower slope, particularly noticeable
after puberty (NIOSH, 1981 ).
Static and Dynamic Endurance
It appears that static endurance is influenced by the posture (Lind et al. 1978;
Warwick et al. 1980), and dynamic endurance (exertion) influence oxygen
consumption and heart rates (Wald Harrison, 1975). Duration of exertion and type of
task also affect static endurance (Kroemer, 1970).
Almost all MMH activities contain both a static and a dynamic component. In
some tasks, the dynamic component is the major one (e.g. in repetitive lifting tasks),
while in other tasks, the static component is the dominating component (e.g. in
holding tasks). As evident from these two examples; static work or effort is
characterized by contraction of muscles over extended periods, such as when a
postural stance is adopted for a prolonged period. The physiological effects of static
work are well known and include compression of blood vessels, lack of oxygen
supply in muscle cells, accelerating loss of strength, and, eventually, pain. The lack
of oxygen and buildup of waste products during static work make it increasingly
strenuous.
In the context ofMMH activities, very limited information is available on the
affects of static work on MMH capacity. A few studies have shown that static
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endurance (time a load can be held without significant movement) is an important
predictor of maximum acceptable weights of lift (Mital and Ayoub, 1980; Mital and
Manivasagan, 1984). Ayoub et al. (1987) found that holding time decreases
significantly as the load being held becomes heavier. Furthermore, people have
difficulty in holding the object in place as it gets heavier. This finding is significant
as in many instances orders are required to hold an object in place while loading it on
to a machine or fastening it to another object/surface. Sustained sedentary work in a
non-neutral posture (non-erect) has also been reported to be associated with low-back
pain (Burdorf et al. 1993).
In general, static work should be avoided as much as possible. If it is not
possible to avoid it, mechanical aids should be used. Carrying and holding are two
specific MMH activities that should be aided by mechanical equipment.
Training/Experience
The overall effects of physical training are positive and lead to enhancement
in muscular strength, MMH capacity, cardiovascular capability, and endurance time
(Sharp and Legg, 1988; Ayoub and Mital, 1989; Genaidy, 1990). A number of
studies have been performed by Genaidy and coworkers (Genaidy, Davis, Delgado,
Garcia, and Al-Herzalla, 1994; Genaidy, 1991; Genaidy, et al., 1990a; Genaidy,
Gupta, and Alshedi, 1990b; Genaidy, Mital, and Bafna, 1989; Guo, Genaidy, Warm,
Karwowski, and Hidalgo, 1992). All of these investigations used tasks involving a
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complex series of lifting, carrying, pushing and pulling tasks. Subjects trained for
periods of 2.5 to 6 weeks (8 to 24 sessions) in the same task for which they were
tested. In general, training resulted in a) progressive improvements in endurance time
ranging from 46% to 50%; b) little or no change in the rating of perceived exertion;
and c) a decrease in activity heart rate suggesting an improvement in cardiovascular
endurance.
There is, however, less than overwhelming evidence to conclude that
enhanced working capacity from physical training also leads to reduction in back
disorders and improvement in productivity (Snook et al. 1978). Only a handful of
investigations have reported a reduction in low-back pain following physical training
(Karvonen et al. 1977; Dehlin et al. 1978; Meyers et al. 1981).
However, since training has an educational value and enhances cardiovascular
and muscular capabilities, MMH activities are perceived to become easier (reduced
physical stress) and require less effort with training. Physical training, therefore, is
highly desirable. The training program should include not only physical training but
training in safe handling techniques and use of materials handling aids as well and
should be extended not only to new employees but also to existing workers.
Classroom instruction on the hazards of MMH activities should be an integral part of a
training program.
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Work Related Factors
Canying Capacity
Snook et al. (1970) and Snook and Ciriello (1974a) determined the maximum
acceptable weight ofcanying. Snook (1978a, b) integrated the results which
indicates that the maximum acceptable weight ofcanying decreases with canying
distance and canying frequency. More weight is carried at the knuckle height than at
the elbow height. Mital and Okolie (1982) investigated the effect ofcontainer shape,
canying height, frequency ofcarry, distance ofcarry and presence and absence of
partitions in a container. The results indicated that liquid canying capabilities can be
enhanced by as much as I 0% ifappropriate container designs (containers with
partitions) are used. The maximum acceptable amount ofliquid carried may be up to
30% lower than the maximum acceptable weight ofsolids that can be carried.
Canying capacity also decreased with frequency and distance.
Task Duration
The duration oftask performance is an important consideration in designing
an MMH job. Several studies have shown that as the task duration increases, the
worker's energy expenditure level also increases, gradually (Bonjer, 1962;
Deivanayagam and Ayoub, 1979; Grag, 1980). This increase is primarily due to the
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accumulative effects offatigue. Furthermore, the metabolic energy expenditure level
that can be maintained decreases with the task duration (Ayoub and Mital, 1989).

Frequency
The MMH capacity increases as the frequency ofhandling decreases (Ayoub
and Mital, 1989; Balck.en, 1983; Asfour, 1980; Snook et al. 1978; Aghazadeh, 1974;
Snook and Irvine, 1968). Furthermore, a reduction in frequency ofhandling also
leads to increase in endurance time (Jomoah et al. 1991). With an increase
infrequency oflift, the individual's physiological responses also increased (Mital,
1980; Hamilton and Chase, 1969; Aquilano, 1968). Another study with high (up to
16 times per minute) and very high (above 16 times per minute) lifting and lowering
frequency finds that the physiological responses (heart rate and oxygen uptake) and
RPE ratings were practically unaffected by lifting/lowering frequency, even though
the maximum acceptable weight oflift (MAWOL) decreases significantly with the
lifting frequency (Mital and Fard, 1993).
Loading Characteristics
A load is generally characterized by it shape, weight and size. The weight of
the load is perhaps the most important characteristic in most situations in which the
load will be handled manually. Increase in weight ofload lifted leads to an increase
in the energy cost expended by the worker (Asfour, 1980; Mital, 1980; Grag, 1976;
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Hamilton and Chase, 1969; Aquilano, 1968; Frederik, 1959). A recent study
concluded that risk of lower back disorder increases linearly as box weight increases
(William S. Marras, Kavin P. Granata, Kermit G. Devis, W. Gary Allread, and Mike
J. Jorgensen, 1996).
As in the case of load size, only a handful of studies have looked at the size of
the load. It is universally agreed that the load should be as small as possible. Ayoub
et al. (1978) pointed out in their study, using the psychophysical approach, that the
amount of weight lifted was inversely proportional to the box size in the sagittal
plane. These results were consistent with the conclusion by Martine and Chaffin
(1972), Aghazadeh (1974), and Asfour (1980).
Ciriello and Snook (1978) investigated the effects of width of the box in the
frontal plane on lifting capacity and concluded that there was no significant difference
in the amount of weight lifted using two box widths (889mm and 571.5mm in the
frontal plane).
Larger loads not only make the handling awkward, they lead to higher
physiological costs and greater spinal stresses (Ayoub and Mital, 1989). If a load
cannot be fitted between the knees, it is probably too large. The load dimension in
the sagittal plane should be as small as possible to minimize stress on the back
muscles. Muscular strength also decreases as the distance in the sagittal plane
increases. Specifically, the load dimension in the sagittal plane should not exceed 50
cm (Mital and Ayoub, 1981; Ostrom et al., 1991).
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Limited information is available regarding the influence ofload shape on
MMH capacity and how it is correlated to injury. A few investigators have reported
that shape ofthe object influences MMH capacity as well as physiological cost. The
findings indicate that collapsible containers (bags) allow greater MMH capacity but at
higher physiological cost as compared to non-collapsible/rigid (box) containers.
Ostrom et al. (1990) researched the effect ofa rigid container shape on the maximum
acceptable weight oflift. The results ofthe study indicated that when one designs a
lifting task for a rigid container, whether a cylinder or a box, one does not need to
take the shape ofthe container into account and that current psychophysical lifting
capacity prediction models can be used to design a cylinder lifting task.
Handles
Handles can have a significant impact on MMH capacity. According to Garg
and Saxena (1980), provision ofhandles can increase lifting capacity anywhere from
4% to 11.5%. Bakken (1983) observed a reduction of15% in the lifting capacity for
containers without handles. Nearly an 11% reduction in capacity has also been
reported by Smith and Jiang (1984). Snook and Ciriello (1991) reported a range of
reduction of4% to 30% in the maximum acceptable weight oflift when boxes
without handles were lifted. In terms ofspinal stresses and metabolic cost, handles
are desirable, but make little differences on either response.
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Gary Mirka, Ann Baker, Angela Sarrison, Dan Kelaher, and Joseph Davis
(1994) reported that at low levels of load there was little difference in peak torque
across the different coupling conditions. However, when loads greater than 13.5 kg
were combined with poor coupling, there was a fundamental change in the dynamic of
lifting motion.
In the recent studies by William S. Marras, Kevin P. Gratana, Kermit G.
Davis, W. Gary Allread, and Mike J. Jorgensen (1996) concluded that handles has a
significant effect upon spine loading. The effect is particularly significant when
lifting from the lowest levels of the surface.
Posture
Body posture not only changes force requirements, they cause the work to
become very strenuous, particularly when the work is predominantly static in nature
(Burdorf et al. 1993). For MMH activities that have a dominating dynamic
component, the body may assume different postures. For instance, manual lifting can
be performed in squat, stooped or free-style (semi-squat) posture. The force
requirements as well as metabolic energy requirements for all these postures are very
different (Ayoub and Mital, 1989). For instance, the squat posture minimizes stress
on the spinal column and the back muscles. It imposes a metabolic energy penalty on
the body (a part of the body is also lifted along with the load). In the squat posture,
the part of the body that is lifted weighs significantly more than when the stooped

posture is employed. The stooped posture, on the other hand, requires less metabolic
energy, but leads to severe stress on the back. The physiological costs are also
affected when the posture is non-erect; they are higher in non-erect postures than in
erect postures. Turning and twisting while handling materials also leads to an
increase in spinal stresses and intra-abdominal pressures (IAP). The task is also
perceived to be more difficult (Ayoub and Mital, 1989). Turning, twisting, and
bending are also associated with increased incidence of low-back disorders (pain,
ache, and discomfort; Christensen et al. 1995).
Height of Lift, and Range of Lift
In repetitive lifting, mechanical work can be written as Mechanical
Work=Load*Frequency*Height of Lift. Since mechanical work is proportional to
height of lift, metabolic energy expenditure should increase with an increase in
vertical distance of lift (NIOSH, 1981).
Aquilano (1968) and Garg (1976) stated that lifting capacity depends on the
height range of the lift, i.e. lifting from floor to reach height is different from lifting
from shoulder to reach height, as different muscle groups are involved.
Snook (1978), and Ayoub, et al. (1978) indicated the maximum acceptable
weight using the psychophysical approach was highest in the case of lifting from floor
to knuckle height.
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Environment Related Factors
Brouha (1967) suggested that the environmental factors, particularly
temperature, humidity, air movement, and atmospheric constituents, were the most
common variables which affected the physiological behavior of workers.
Kamon and Belding (1971) reported that the heart rate increases
approximately 7 to 10 beats per minute for a 10 degree centigrade rise in ambient
temperature. Snook and Irvine (1974) reported that the hot environment significantly
increased heart rate and rectal temperature and significantly reduced the workload.
In a psychophysical study of voluntary march rate as a measure of work
output in the heat, Soule et al., (1978) observed that the work output (march rate) was
slightly reduced under hot-humid conditions (40°C and 75% rh), but remained the
same under hot-dry conditions although increased physiological strain was present.
Hafez (1980) reported that the weight selected by subjects at 27 degrees Wet
Globe Temperature (WBGT) were significantly different than the weights selected at
22 degrees WBGT. On the other hand, the weights selected at 32 degrees WBGT as
well as the physiological responses (oxygen consumption, resting body temperature,
resting heart rate, working body temperature, working heart rate) at 32 degrees
WBGT were significantly different from those at 22 degrees WBGT.
Hafez and Ayoub (1991) conducted a psychophysical study to assess the
lifting capabilities of acclimatized individuals in hot environments. The results
indicated that the maximum acceptable weight of lift selected by the subjects at 27°C
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WBGT were not significantly different from the weights selected at 22 C WBGT. On
the other hand, the maximum acceptable weights selected at 32°C WBGT were
reduced by approximately 13 percent.
Cost Associated With Occupational MSDs
The precise cost of occupational MSDs is not known. Estimates vary
depending on method used. A conservative estimate previously published by NIOSH
is $13 billion annually (NIOSH 1996). Others have estimated the cost at $20 billion
annually (AFL-CIO 1997). Regardless of the estimate used, the problem is large both
in health and economic terms. Work-related MSDs are a major component of the cost
of work-related injury in the United States. Back pain is by far the most prevalent
and costly MSD among U.S. industries today. Recent analysis of the 1988
occupational Health Supplement of the national Health Interview Survey (an ongoing
household based survey) shows that the overall prevalence of self-reported back pain
from repeated activities on the most recent job was 4.5%, or 4.75 million U.S.
workers (Behrens et al., 1994). The mean cost per case of compensable low-back
pain was reported to be $8,321 in 1989 (Webster and Snook, 1994b).
Ergonomic Intervention for Reducing Back Injuries
No approach has been found for totally eliminating back injuries caused by
lifting, though it is felt that a substantial portion can be prevented by an effective

control program and ergonomic design ofwork tasks. OSHA is looking at both major
categories ofmethods for preventing lifting injuries - administrative controls and
engineering controls. The former includes carefully selecting and/or training workers
so they can safely perform lifting tasks. Engineering controls attempt to redesign a
job so lifting becomes less hazardous. Suggested administrative controls include:
Strength testing ofexisting workers, which one study showed can prevent up to one
third ofwork-related injuries by discouraging the assignment ofworkers to jobs that
exceed their strength capabilities; training employees to utilize lifting techniques that
place minimum stress on the lower back; and physical conditioning or stretching
programs to reduce the risk ofmuscle strain. Suggested engineering controls include
reducing the size or weight ofthe object lifted; parameters which include maximum
allowable weights for a given set oftask requirements, the compactness ofa package,
the presence ofhandles, and the stability ofthe package being handled; and adjusting
the height ofa pallet or shelf Lifting which occurs below knee height or above
shoulder height is more strenuous than lifting between these limits. Obstructions
which prevent an employee's body contact with the object being lifted also generally
increase the risk ofinjury; installation ofmechanical aids such as pneumatic lifts,
conveyors, and/or automated material handling equipment.
An industry survey found that 55% oflarge companies reported an increase in
workers' complaints in just one year (1995-1996) and most were taking preventive
actions: 84% said that they were modifying equipment/task/processes; 83% said that
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they were analyzing work stations/jobs; and 79% were buying new equipment to
alleviate these problems.
Design Approaches to Solve MMH Problems
Workers engaged in physical work are affected by forces from the immediate
physical environment as well as the biomechanical forces generated within the body.
The net forces and/or effort imposed upon the worker produce a strain on the
worker's musculoskeletal and physiological systems. The musculoskeletal and
physiological systems and their response to the demands of a task are described by the
biological laws of the body. The goal of ergonomics is to reduce the stress imposed
upon the body sufficiently to minimize musculoskeletal and/or physiological strain
(Ayoub and Mital, 1989).
In the context of MMH, a variety of approaches have been used to quantify
the relationships between imposed stresses and the resulting strain and, thereby,
control the pervasive overexertion injury and back problem. Specifically, the
following approaches have been developed: (a) the epidemiological approaches, (b)
the biomechanical approaches, (c) the physiological approaches, and (d) the
psychophysical approaches.
It is quite clear that these approaches to MMH design criteria are different and
appear to be unrelated. The epidemiological approach investigates the circumstances
and conditions that exists during an incident and attempts to develop a set of general
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conditions that may be associated with the hazards of MMH activities. The
psychophysical approach relies on the worker's perceived exertion to quantify his or
her tolerance level, thereby establishing the maximum acceptable weights or forces
(MAW/MAF) for different MMH activities. The biomechanical approach focuses on
the establishment of tissue tolerance limits of the body; especially the spine (e.g.
compressive and shear force limit tolerated by the lumbar spine). The physiological
approach focuses on the physiological responses of the body to physical work;
therefore, this approach relates metabolic and circulatory costs of performing MMH
activities to workers' physiological capacity.
Epidemiological Approach
Epidemiology is the study of disease occurrence in human populations
(Friedman, 1974). In general, epidemiology is concerned with discerning the injury
patterns present, if any, and using these patterns to predict the occurrence of injury.
The basic measurements of epidemiology are: counts (the number of people in a
group suffering from back injuries, a particular back disorder, low-back pain, etc.);
prevalence rate (the number of people in a group inflicted with some back
disorder/total number of people in the group); and incidence rate (the number of
people developing a disorder/total at risk/unit time).
Several epidemiological studies have concluded that the weight of the load
and frequency of lifting it are among critical factors that determines the risk of injury.
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Chaffin and Park (1973) reported that the lifting strength ratio ofthe individual was
highly correlated with the incidence rate oflow-back pain. Chaffin et al. (1976)
reported that the heavier the load lifted, the greater severity ofinjuries as indicated by
lost or medically restricted work days. They further concluded that the frequency and
severity rates ofmusculoskeletal problems in areas other than the back and the
severity ofcontact injuries increased with the frequency oflifting maximal loads on
the job. The authors found a strong correlation between the compressive force on the
L5/S1 disc and the incidence rate oflow-back pain. They observed that jobs that
exceeded the compressive force of6236n had an eight times greater low-back pain
incidence rate than jobs that had a compressive force less than 2673N. This finding
was further confirmed by Herrin et al. (1986); they reported that the incidence ofback
disorders increased as the compressive force on the L5/S1 disc increased.
Chaffin et al. (1978) found that back injury severity and incidence rate
increased almost three-fold as the job lifting requirements approached lifting strength
ofworkers. Ayoub et al. (1983) using the job stress index (JSI; Ayoub and Mital,
1989); a working duration, lifting frequency, load and lifting capacity based index
concept, reported a critical JSI value of1.5; the occurrence ofinjuries increases
substantially when the JSI is 1. 5.
Frequency oflifting has also been positively linked to low-back pain
(Frymoyer et al. 1980; Arad and Ryan, 1986). Frymoyer et al. (1983) maintained that
lifting a load in excess of20 kg, repetitively, is the most important prognosis variable
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for low-back pain. Snook et al. (1978) reported that almost 18% ofall back injuries
were due to twisting and turning. An association between bending and low-back pain
has also been reported by Takala and Kukkonen (1987). Stretching, reaching, pushing
and pulling have also been implicated in severe low-back pain incidences (Damkot et
al. 1984).
Biomechanical Approach
The biomechanical approach attempts to determine the forces that are imposed
upon the musculoskeletal system during a lifting task and thereby is considered
appropriate for predicting the maximal, low frequency lifting capacity ofan
individual (Smith,1980). The forces in a biomechanical model include reaction force
and torque on various joints ofthe body as well as compression and shear forces on
the lower back (Ayoub, et al. 1983). The various biomechanical models available in
the published literature differ primarily in two ways: (1) the number oflinks and (2)
the analysis technique (two dimensional versus three dimensional). In general, most
two dimensional biomechanical models have five to seven links; the number oflinks
in the three dimensional model is considerably more (Kromodihardjo and Mital, 1986,
1987).
Static biomechanical models analyze a static situation or assume that the
movement is so that it can be considered as a series ofstatic positions. Examples of
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static biomechanical models are found in the work of Chaffin ( 1969), Chaffin and
Baker (1970), Martin and Chaffin (1972), Garg and Chaffin (1975), and Fish (1978).
Dynamic models such as those developed by Fisher (1967), El-Bassoussi
(1974), Ayoub and El-Bassoussi (1976), Chen and Ayuob (1988), and Kromodihardjo
and Mital, (1986,1987) provide data for analysis in the form of the time-displacement
relationships of the body segment (kinematic analysis) and the forces and torques
involved (kinematic analysis).
Physiological Approach
Unlike the biomechanical design approach which primarily applies to
infrequent lifting, the physiological approach is applicable to repetitive lifting where
the load is within the physical strength of the worker.
The physiological approach is concerned with the physiological response of
the body to MMH tasks. During the performance of work, physiological changes take
place within the body. Changes in work methods, performance level, or certain
environment factors are usually reflected in the stress levels of the worker and may be
evaluated by physiological methods. The basis of the physiological approach to risk
assessment is the comparison of the physiological responses of the body to the stress
of performing a task with levels of permissible physiological limits. Many
physiological studies ofMMH tended to concentrate on whole body indicators of
fatigue such as heart rate, energy expenditure, blood lactate, or oxygen consumption
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as a result of the work load. Few studies investigated the effects ofMMH on local
muscle fatigue, such as the study by Habes, Carlson, and Badger (1985). Several
studies investigated other indicators of stress such as blood pressure (Asfour,
Genaidy, Kahlil, and Muthuswamy, 1986) and the effect of heat stress (Hafez and
Ayoub, 1991).
To determine the energy cost limit, two basic questions must be addressed
(Mital, Nicholson, and Ayoub, 1993): (1) what is the upper limit ofVO2
consumption as a percentage of aerobic capacity, and (2) which aerobic capacity
should be used to express this percentage.
Based on the physiological criteria, it has been concluded that for young
males, the 8-h average metabolic energy consumption rate should not exceed 5
kcal/min or 33% of the individual's maximum oxygen consumption rate (Snook and
Irvine, 1969). It is generally believed that the sustained work capacity of a person for
8-h is approximately 33% to 50% of his or her aerobic capacity (Snook and Irvine,
1969). Mital (1983) reported that the average oxygen consumption associated with
the psychophysically acceptable weight of load of male industrial workers was
equivalent to 33% VO2 max. for the weight selected in the 25-min period and 23%
VO2 max. for a 12-h lifting duration. For females, the average oxygen consumption
decreased from 31 % VO2max for the load selected in the 25-min period to 24% VO2max
for the 12-h lifting period. Asfour, Genaidy, and Mital (1988) reported that the
maximum permissible limit suggested by NIOSH for manual lifting based on 33% of

VO2 max. should be adjusted for the different task parameters. This means that since
VO2 max. is task specific, MMH VO2 max. would be affected by the task itself and its
parameters and would be expected to be different than the bicycle or treadmill VO2max.
Mital et al. (1993) concluded that physiological criteria for lifting activities for males
should be approximately 4 kcal/min and 3 kcal/min for females.
A primary reason for the sensitivity of metabolic energy expenditure rate to
work-related factors is the fact that energy cost is dependent upon the amount of
muscle groups active during task performance (Mital et al. 1993).
There are two methods that can be used in the physiological approaches:
1. A direct measurement method in which physiological measure such as
energy expenditure can be directly measured for a work situation.
2. Estimation of energy expenditure through available predictive energy
expenditure models.
The direct measurement method relies on the collection of physiological
measures from a sample of workers performing their actual task or simulated tasks in
the laboratory. Because these tasks represent the actual tasks of interest, the data
collected reflect the physiological response of the body to these specific tasks, which
can then be compared to permissible limits of energy expenditure. For example,
Gallagher (1991) collected physiological data on coal miners performing simulated
coal mining tasks.
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A second method for estimating energy cost ofmanual handling activities
based on the physiological response ofthe body to the load is by modeling the
physiological cost using work and worker characteristics.
Garg, Chaffin, and Herrin (1978) reported metabolic cost models. Although
currently in need ofupdate, they still provide a more comprehensive and flexible set
ofphysiological cost models as a function ofthe task variables. The basic form ofthe
Garg et al. (1978) model is stated in equation 1.

(1)

where Ejob = average energy expenditure rate ofthe job (kcal/min),

E

,-i

pos

= metabolic

energy expenditure rate due to maintenance ofthe ith posture (kcal/min). Ti= time
duration ofith posture (min), NP = total number ofbody posture employed in the job,
E 1ask-i

= net metabolic energy expenditure ofthe ith task in steady state (kcal), N1 =

total number oftasks in the given job, and T = time duration ofthe job (min).
Other models include that by Asfour (1980) developed using task variables of
weight ofload, frequency, container size, height oflift, range oflift, and angle of
twist ofthe body. His results show that the load size (in the sagittal plane) and angle
oftwist had no significant effect on the energy cost ofthe lifting activity. Asfour's
model and results show that for a given fixed work output, it was preferable
physiologically to lift or lower heavier loads at slower paces than lighter loads at fast
paces. This supports the notion that the physiological approach is more useful at high
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frequencies, where the loads are lighter and within the physical capability of the
worker.
Psychophysical Approach
Psychophysics constitutes one of the oldest area of psychological research. It
primarily deals with physical stimuli and the associated human sensations. The
psychophysical approach to MMH job design requires individuals to adjust either the
handling frequency, the weight of the load or the force exerted on the object being
handled according to their perception of physical strain (Ayoub, 1987; Ayoub and
Mital, 1993). The individuals adjust their workload to the maximum amount they
can sustain without undue strain or discomfort, and without becoming unusually tired,
weakened or overheated, or out of breath. The final workload is the maximum
acceptable weight/frequency/force of handling.
The methodology requires that individuals be started randomly with either a
very light or heavy load/frequency/force and they are allowed to adjust it until they
arrive at the workload that can be sustained for the projected working duration
without discomfort or undue fatigue. The final weight/frequency/force is recorded
and is used in determining the criteria limit for the individual or a specific population.
The process is repeated and, if the two trials are within 15% of each other, the results
are averaged (Snook, 1978).
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Stevens (1960) defines the relationship between the intensity of a physical
stimulus and strength of a sensation by equation (2):
S = K*I"

(2)

where,
S = strength of sensation,
I = intensity of physical stimulus,
K = constant representing a function of the particular units of measurement,
n = the slope of the line representing the power function when plotted in log-log
coordinates. Research has shown the exponent of many types of stimuli. For example,
electroshock= 3.5, taste (salt) = 1.3, loudness (binaural)= 0.6,
and lifting weights = 1.45
Snook (1978) states that the relationship between the perception of muscular
effort and stimulus force required to lift an object obey; the power function.
Relatively few studies have determined the maximum acceptable frequency of
handling. All have dealt with either two-handed lifting (Snook and Ciriello, 1974;
Snook and Irvine, 1968; Mital et al., 1987b) or one-handed lifting (Grag and Saxena,
1982; Mital and Asfour, 1983). The maximum acceptable frequency of lift for one
handed lifting tasks has been determined to be 50% of the frequency that can be
sustained over 4 min. Snook and Ciriello (1974) reported that for two-handed lifting
tasks the maximum acceptable frequency of lift is 4 lifts/min. This was not the choice
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of workers when they were allowed to determine the pace of stacking loaded cartons
on a pallet (Mital et al., 1987b).
On the average males chose a frequency of 12. 9 lifts/min while females chose
9.7 lifts/min. The metabolic cost of stacking the loads on the pallet were, however,
higher than the physiological design criteria ceiling. When the frequency was
reduced to a fixed level of 6 lifts/min, the metabolic cost for males dropped to within
acceptable levels. Females, even at the frequency of 6 lifts/min, exceeded the
metabolic cost ceiling. It is worth nothing that the maximum acceptable frequency of
lift is heavily dependent on the weight of the load being lifted; the heavier the load,
the lower the acceptable frequency of lift is expected to be.
Several studies have been undertaken to determine the maximum acceptable
weight/force of handling for various MMH activities. Mital (1984a,b), Ayoub et al.
(1978), Snook (1978) determined maximum acceptable weight of lift (MAWOL) for
symmetrical (sagittal) lifting of symmetrical loads. Mital and Fard, (1986)
determined MAWOL for symmetrical and asymmetrical lifting. Some studies of
asymmetrical lifting had been performed and those results compared with the results
from symmetrical lifting studies (Mital and Fard, 1986; Garg and Badger, 1986;
Karwowski et al., 1986; Mital et al., 1986; Mital, 1987; Garg and Banaag, 1988).
Ashish G. Parikh, Lawrence J. H. Schulze, Jen-Gwo Chen, and Theodore Cleveland
(1997) determined maximum acceptable weight of asymmetrical lifting and lowering of
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postal sacks. Swei-Pi Wu (1997) determined maximum acceptable weight oflift
by Chinese experienced male manual handlers.
Although the psychophysical approach proved very useful in the past efforts
to establish safe limits for manual handling ofloads (Ayoub et al., 1980; Troup and
Edwards, 1985; Millar, 1988; Genaidy et al.,1990; Putz-Anderson and Waters, 1991),
its practical application should be critically examined in view ofseveral shortcomings
reported in the literature (Gamberale et al., 1987; Troup et al., 1987; Grag, 1989).
Ciriello and Snook (1983) showed that the psychophysical technique leads to an
overestimation ofthe maximum acceptable weights and forces for tasks with very
high frequencies. Mital (1983) reported that at the end of8h, females were lifting
85% ofthe weight which they initially selected during the psychophysical
experiment, while males lifted only 65% ofthe original MAWOL values. Karwowski
and Yates (1986) concluded that the psychophysical approach should not be used to
set lifting standards for frequencies higher than 6 lifts/min. Ciriello et al., (1990)
studied the effects oftask duration on the maximum acceptable weights and forces.
They concluded that the psychophysical methodology is suitable for determining
maximum acceptable weights for task frequencies of4.3 lifts/min or slower.
Snook (1985) summarized the advantages and disadvantages ofthe
psychophysical as follows:
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Advantages
1. Psychophysics permits realistic simulation of industrial tasks.
2. Psychophysics can be used to study intermittent tasks that are common in
industry (steady state physiological responses are not r_equired).
3. Psychophysical results are very reproducible.
4. With the exception of very high frequency tasks, psychophysical criteria
tend to agree with physiological criteria for continuous work.
5. Psychophysical results are consistent with the industrial engineering concept
of a "fair day's work for a fair day's pay."
Disadvantages
1. P.sychophysical criteria from very high frequency tasks are typically higher
than recommended physiological criteria. Thus, permissible loads for such tasks should
be based upon the metabolic criteria.
2. Psychophysics is a subjective method relying upon self-report. Therefore, it
could be replaced by more objective measures that may be developed in the future.
3. In manual materials handling, psychophysics does not appear to be sensitive
to bending and twisting motions of the trunk (although some research has been
successful in estabiishing guidelines for asymmetrical lifting using psychophysical
criteria; Grag and Banaag, 1988).

CHAPTER III
RATIONALE AND OBJECTIVES
For several decades manual materials handling has been a topic ofinterest in
many fields ofresearch. The reason for this is the devastating cost ofhuman
suffering caused by injuries associated with MMH. In order to control the nature and
extent ofthese injuries, limits must be established for MMH, especially lifting.
Manual handling and lifting are a major cause ofwork related back injury,
particularly lower back pain (LBP) and impairment. LBP also can occur by direct
trauma, a single exertion (overexertion), or potentially as the result ofmultiple
exertions (repetitive trauma) (Pope et al. 1991). Several other work-related factors
including pushing or pulling activities, extreme postures such as forward flexion, and
cyclic loading (whole body vibration) are also associated with development ofLBP
and impairment.
Numerous studies have investigated workers' capacity to perform manual
lifting tasks based on the psychophysical methodology. The use ofpsychophysics i�
the study ofmanual lifting tasks requires the subjects to adjust one ofthe variables
(weight ofthe object being handled or frequency oflift) according to their own
perception ofmuscular effort or force. Many studies determined maximum
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acceptable weight of lift (MAWL) using the psychophysical approach, but few
attempted to determine maximum acceptable frequency (MAF).
The intent of this study was to determine maximum metal pouring frequency
for a small scale foundry using the psychophysical approach. Studies showed that
many small scale foundries still use manual metal pouring, because of the high cost of
automated metal pouring equipment. Also they can not vary weight to be handled
due to process constraint. So determination of maximum acceptable frequency was a
suitable way to adjust their work load.
The objectives of this study were to
1. Measure task parameters in an industrial setting and determine the
physiological capabilities of the workers.
2. Simulate the experiment in a fully equipped ergonomic laboratory and
determine the maximum acceptable frequency (MAF) using a psychophysical
approach.
3. Compare the determined MAF with the actual pouring frequency at the
foundry to verify its acceptability.
4. Develop a prediction model for maximum acceptable frequency of pouring.

CHAPTERIV
METHODS AND PROCEDURES
Pilot Study
A pilot study was conducted at a middle sized foundry in the mid-western
region of the country. The purpose of this study was to collect physiological data
from workers while they were performing manual material handling in an industrial
setting. The task examined in this pilot study was pouring molten metal in the molds.
The workers scoop up molten metal in a ladle from the furnaces and carry them up
to the conveyors carrying the molds. They then pour the molten metal into the
moving molds through the gate of the molds. The workers were using five furnaces
from which they were scooping metal. The speed of the conveyor carrying the molds
determines the metal pouring frequency. Two different types of molds (0.4572m and
0.6096m high) were being used.
This metal pouring activity was selected as the job to be simulated in the
laboratory as it was found to be one of the most hazardous jobs in the foundry. This
task also possesses risk factors for the development of lower back pain. In addition,
metal pouring activity can be easily compared with the lifting and carrying of heavy
objects in other manufacturing environments.
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The experimental design for this pilot study was a complete random block
design with subjects as blocks (Table 1). Two subjects were used for this experiment.
A summary of independent, and dependent variables are provided in Table 2.
Various task related, environment related, anthropometric and physiological
data were collected. All of these data are presented in Tables 3, 4, and 5.
Table 1
Design of the Experiment With Subject as Blocks (Pilot Study)

Carrying Distance (m)

Mold Height (m)

1.2192

4.572

0.6096
0.4572

Table 2
Experimental Variables (Pilot Study)
Class

Variable

Independent

Mold Height (two levels)
Carrying Distance (two levels)
Subject (two levels)

Dependent

Physiological Measures - Heart rate,
Oxygen Consumption (V02)

Controlled

Pouring Frequency (82 molds per hour)
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Table 3
Anthropometric Data of the Subjects

Age(years)

Height(mm)

Weight(kg)

1

38

1816.1

75.9

2

33

1701.8

72.7

Mean

35.5

176.95

74.3

STD

3.54

76.58

2.26

Subject Number

Table 4
Physiological Data of the Subject

Subject
Number

Mold
Height
(m)

Carrying
Distance
(m)

Mean

STD

Mean

1

1

Resting

Resting

0.28

0.05

72

2

2

2

Resting

Resting

0.26

0.04

75

3

3

2

0.6096

4.572

1.14

0.15

112

12

4

2

0.4572

4.572

1.12

0.08

109

2

5

1

0.4572

4.572

1.15

0.15

103

2

6

1

0.6096

4.572

1.25

0.17

106

3

7

1

0.4572

1.2192

1.03

0.13

98

5

8

1

0.6096

1.2192

1.06

0.23

92

5

9

2

0.6096

1.2192

0.98

0.02

97

3

10

2

0.4572

1.2192

0.94

0.19

96

5

Test ID

VO2(I/min.)

HR(bpm)
STD
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Table 5
Task and Environment Related Data
Ladle Data
Weight (w/o Metal)

10.68kg

Weight (w/Metal)

21.36kg

Handle Length

1.181m

Line Data
Conveyor Speed (minimum)

40 molds/min.

Conveyor Speed (maximum)

82 molds/min.

Conveyor Speed (average)

82 molds/min.

Mold Data
Type

2

Height

0.6096m and 0.4572m

Capacity (Sprue wt.)

5.68kg

Proportion

50%- 50%

Work Place Data
Number of Furnaces

5

Travel Distance

1.2192m and 4.572m

Furnace Ht.

0.914m

Furnace Depth

0.939m (scoop up from >=0.71 lm)

Furnace Capacity

1045kg - 863.6kg

Furnace Temperature

787.75 ° C

Environmental Temperature (Winter)

22.2 ° C - 23.3 ° C

Environmental Temperature (Summer)

5.55 ° C higher than the environment
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Analysis of these data were conducted at the Human Performance Institute of Western
Michigan University using the SAS mainframe package (SAS, 1985). Table 6
provides the summarized ANOVA outputs for physiological response variables of this
analysis. Results of the analysis indicated that at the 5% significance level, carrying
distance had a significant effect on all of the response variables. Mold height only had
a significant effect on working oxygen consumption, and on increase in oxygen
consumption at the 10% level of significance. This indicates that this job was
physically demanding and above current recommended ergonomic limits.
Table 6
Summarized ANOVA Outputs for Physiological Response Variables
Mold Height
F-value (p>F)

Carrying
Distance
F-value (p>F)

Interaction
F-value (p>F)

0.0683**

0.0024*

0.5158

0.9052

0.0089*

0.2496

0.0683**

0.0024*

0.5158

Increase in Heart Rate (bpm)

0.9052

0.0089*

0.2496

Heart Rate Reserve (bpm)

0.9084

0.0086*

0.2432

Response Variable
Working Oxygen
Consumption (I/min.)
Working Heart Rate (bpm)
Increase in Oxygen
Consumption (I/min.)

* Value of (p>F) which is less than 0.05 indicates that the effect of the factor is
significant at a,= 0.05
** Value of (p>F) which is less than 0.10 indicates that the effect of the factor is
significant at a,= 0.10
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Simulated Experiment
All of the subjects used for the pilot study were male. This was primarily
because all the workers working in the foundry were male. Traditionally few female
workers are found in the foundry industry. This is due to the nature of hard labor in
the foundry.
As mentioned earlier in the literature review that for the epidemiological
design approach, the design criteria was the JSI (Job Severity Index) value of 1.5.
The maximum load that could be handled for this JSI value was 60 lb. or 27.24 kg for
male and 44 lb. or 20 kg. for female.- The biomechanical criteria was the lumbar
spine compression that, on average, provide a margin of safety of at least 30% for the
lower back. This value was 3930 N for males and corresponds to a load of27.24 kg.
For females, this value was 2689 N and corresponds to a load of approximately 20 kg.
The physiological design criteria was an energy expenditure rate of 4 kcal/min for
males and 3 kcal/min for females for a working duration of 8 hours. These values
reflect approximately 29% and 28% of the physical work capacity of males and
females respectively. Therefore, if after working duration adjustment, the
recommended weight obtained is more than 27.27 kg for males, or 20 kg for females,
it must be substituted by these limits (Mital and Ayoub, 1993).
Traditional approach in manufacturing environment to deal with manual
material handling problems is to redesign the job by reducing the weight to be
handled without hampering the throughput of the system. As a result most of the
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research using psychophysical approach dealt with determining maximum acceptable
weight oflift (MAWOL).
The casting process requires that each mold has to be filled with molten metal
continuously and steadily without giving any break in metal pouring. This is
important because it gives the cast sufficient strength and uniformity. So the amount
ofmolten metal per pour has to be constant to meet the process requirement.

As

the

weight handled by the workers were below the upper weight limit, so it was decided
to utilize the psychophysical approach to determine maximum acceptable frequency
ofmetal pouring.

Subjects
Subjects for this investigation consisted often male volunteers selected
from the student population at Western Michigan University. Subjects were not
recruited on the basis ofany relevant industrial experience. Mital ( 1986) showed that,
with proper instructions and task familiarization, there were no significant differences
between non-industrial workers performing manual material handling activities. The
age range for participation was 18 years ofage to 30 years ofage. Subjects were
screened for any history ofMSDs especially back pain or back disorder.
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Apparatus
The subjects were required to lift a iron ladle with sand inside it. Sand was
chosen because its density (2.32 g/cm3) is closer to that of aluminum (2.70 g/cm3).
The dimensions of the ladle were: handle length 1.181 m, upper periphery of the cup
0. 762m, bottom periphery of the cup 0.635m, and height of the ladle 0.152m.
Two types of wooden fixtures were made to simulate the height of the furnace
and height of the molds. The height of the fixture representing the furnace was set at
0.914m from the ground. For the fixtures representing molds, the heights were set at
0.6096m and 0.4572m to represent two different pouring heights. Two carrying
distances were simulated by varying the distance from the furnace to the mold. The
distances were 1. 2192m and 4.572m. Figures 4 and 5 depict the experimental layout
of the foundry.

Figure 4. 3D Plant Layout of Foundry.
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A JAMAR Hydraulic hand dynamometer with a floating pointer that remains
on the highest reading until manually reset, was used to measure grip strengths. Other
equipment utilized included the COSMED K2 system to measure the oxygen
consumption and heart rate, a treadmill, an anthropometric measuring kit, a weight
scale, a hygro-thermometer (room temperature and humidity measurement), and a
Marshall oscillometric sphygmomanometer (blood pressure measurement).
Experimental Variables
A summary of independent, dependent, and controlled variables are provided in
the following Table 7.
Experimental Design
The experimental design for this experiment was a complete random block
design with subjects as blocks (Table 8). Randomization schemes for each subject was
accomplished by using the PROC PLAN utility of the SAS mainframe package (SAS,
1985).
Experimental Procedure
The subjects performed two different experiments.
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Table 7
Experimental Variables
Class

Variable

Independent

Mold Height (two levels)
Carrying Distance (two levels)
Subject (ten levels)
Psychophysically Determined Maximum

Dependent

Acceptable Pouring Frequency (MAF)
Physiological Measures - heart rate, blood pressure,
oxygen consumption (VOi)
Rating of Perceived Exertion
Anthropometric Measures
Grip Strength
Population (college students)

Controlled

Gender (male)
Age (18 to 30 years old)
Weight of Lift (21.36 kg)
Task Duration (25 min.)
Rest Period (20 min.)
Table 8
Design of the Experiment With Subject as Blocks
Carrying Distance (m)
Mold Height (m)

1.2192

4.572

0.4572

1

2

0.6096

3

4
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Experiment 1
During the first day of experimentation, the background and details of the
study were explained to the subjects. Then subjects' blood pressure, and heart rate
were measured to make sure the subject was eligible for the experiment. For a subject
to be eligible, his resting systolic and diastolic blood pressure had to be below
120mmHg and 80mmHg respectively, and his resting heart rate had to be below 80
beats per minute. Also he must not have had any previous history of back injury.
After the subject passed the primary screening, the participant then completed
the personal data sheet and consent form (Appendix C and Appendix F). After the
explanation and completion of the forms, the subjects were given the opportunity to
ask questions and clarify his doubts regarding the procedures and practices of the
study. Several anthropometric measures and grip strength of the subject were taken.
Then a schedule for the experiments was established. Several constraints were placed
on the participants. The subjects were not to consume any tobacco product, alcoholic
or caffeinated beverage 24 hours prior to each session and they had to perform the
experiment during the same time of the day to minimize the effect of circadian rhythm.
Then the subjects performed a sub-maximal treadmill test in order to
estimate their physical work capacity (PWC). A modified Balke - Ware protocol was
used. During this test the subjects had to run on a treadmill at three different speeds
(1.609 kmh, 3.218 kmh, and 4.828 kmh) for three minutes each and their oxygen
consumption and heart rate were measured by a COSMED K2 system. As
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mentioned earlier in the literature, Krager (1982) stated a figure of 33% of PWC
should be considered the limit of work that can be performed without experiencing any
undue fatigue for an eight hour work day. By recording heart rate throughout the
experiment and knowing the subject's estimated PWC, it could be determined
whether the maximum acceptable pouring frequency (MAF) derived by the
psychophysical method satisfied the physiological criteria.
Each subject was allowed to become familiar with the experimental conditions
and procedures. The objectives of the familiarization period wer to: (a) allow subjects
to become familiar with the use of the equipment and laboratory surroundings; (b)
train the subject in the method of psychophysical adjustment; and (c) increase
cooperation between subject and experimenter. From the second day actual data
collection began. During each session the resting blood pressure and heart rate was
recorded. As stated earlier, if the subject's systolic and diastolic pressure were greater
than 120 and 80 mmHg respectively, or the heart rate was greater than 80 beats per
minute, the subject was not permitted to lift.
In experiment 1 the subjects did not adjust their work frequency. Instead, for
each mold height and carrying distance combination they worked for 15 minutes at a
constant frequency of 82 pours per hour, i.e., one pour every 44 seconds and their
heart rate, oxygen consumption, and blood pressure was measured.
After the initial checks, the subject was supplied with fire protective
clothing to wear. The foundry environment requires thick pants to protect against any
possible hot metal spilling. (This is only for proper reflection of a real world
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situation. The subjects poured play sand instead of molten metal during the
experiments.) The subjects were specially instructed to pour slowly to protect against
any possible spilling. This was very important in a foundry environment
because the workers had to walk slowly so that any spilling of hot molten metal did
not occur.
The subject was then given the opportunity to perform a series of warm-up
exercises which typically lasted 2 to 4 minutes. These mild stretching exercises were
intended to minimize any sprains or muscle pulls during a lifting session.
After the heart rate monitor and oxygen consumption equipment was attached
to the subject, he was advised on safe lifting practices and techniques, with special
reference to the lower back. The subject was then free to choose any lifting style he
desired with the constraint that the lift had to be performed with two hands, one hand
being at the end of the ladle handle and the other hand at a distance from the cup
which he felt comfortable to hold the ladle.
Then for any one (determined by the randomization plan) out of the four mold
height and carrying distance combinations (as shown in the experimental design), the
subjects performed the pouring operation at a predetermined frequency (82 pours per
hour). The computer beeped at 44 second intervals and the subjects had to lift an iron
ladle with play sand inside at the beep. The weight of the ladle, including the sand, was
21.36 kg. Then the subject carried the ladle up to a predetermined distance (carrying
distance was an independent variable) and poured the sand into another container at a
certain height (mold height was another independent variable). They continued the
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pouring operation for 15 minutes. During the final five minutes heart rate, oxygen
consumption, and blood pressure were recorded as the steady state parameters for that
subject. Immediately upon conclusion of the task, a rating of perceived exertion
(RPE) using the Borg scale (Borg, 1962) (Appendix E) was noted for several body
members. These RPE's are: (1) the hand; (2) the wrist; ( 3) the forearm; (4) the
shoulder; (5) the chest; (6) the back; and (7) the whole body (overall perceived
exertion).
Experiment 2
In experiment 2, two 25-minute psychophysical experiment sessions were
performed every day. During each session the resting blood pressure and heart rate
was recorded just as in experiment 1 and the subject was not permitted to lift if they
did not satisfy resting blood pressure and heart rate conditions as mentioned earlier.
In this experiment, all the steps of experiment 1 were followed except the
predetermined pouring frequency. Instead, for any one (determined by the
randomization plan) of the four mold height and carrying distance combinations (as
shown in the experimental design), a psychophysically adjusted pouring frequency
was determined by the method of adjustment (instruction for adjusting work frequency
is given in Appendix G). Twenty-five minute psychophysical sessions were performed.
The subject was allowed to adjust the frequency of pouring by adjusting the up and
down arrows on the keyboard for the first 20 minutes. Depending on the frequency
selected, the computer beeped and the subjects had to perform the same pouring
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operation as in experiment 1 at the beep. At the end of 20 minute, the frequency
determined was maintained for 5 minutes as the final frequency selected as
"reasonable" for eight hours of work (under assumption of normal break periods).
This frequency was considered the maximum acceptable frequency (MAF). The
subject did not receive feedback at any time as to the ·task frequency with which they
were performing. During the final five minutes, the heart rate, oxygen consumption,
and blood pressure were recorded as the steady state parameters for that subject.
Immediately upon conclusion of the task, a rating of perceived exertion (RPE) using
the Borg scale (Appendix E) was noted for several body members just as in
experiment 1.
After the first 25-minute session the subject was asked to leave the room
for a twenty minute break. If the subject started off with a high frequency
(determined by the randomization plan) during the first session then he was given
a low frequency for the start of the second session. Conversely, if the subject started
with a low frequency during the first session then he was given a high frequency to
start the second session. The high frequency was 15 lifts per minute, i.e., one lift every
4 seconds and the low frequency was 0.5 lifts per minute, i.e., one lift every 2 minutes.
If the frequency for any two trials in a given day differed by more than 15%, the data
for that trial was discarded and the subject had to repeat the lifting sequence at a later
date.
At the end of the twenty minute break, the subject started the second 25minute lifting session which was performed in the same manner as the first session. If

the maximum acceptable frequency determined at the end of second session was within
15% of the first session (Snook et al. 1970) then the two values were averaged to give
the maximum acceptable frequency of pouring molten metal for that specific mold
height and canying distance.
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CHAPTER V
RESULTS AND DISCUSSION
This chapter presents the results of experiments one and two. All data were
analyzed using the SAS statistical package (SAS, 1985).
Descriptive Statistics
Table 9 provides the descriptive statistics for the subject population including
anthropometric and strength measures. Grip strength values obtained in the neutral
posture of wrist and elbow. Table 10 compares the grip strength from this study with
values obtained in other studies conducted by Fredericks, (1995); Viswanath, (1991)
and Ayoub et al., (1982). Several t-test revealed that there was no significant
difference in grip strengths. This is a good indicator that the population used in this
study reflects a similar population. Table 11 presents a summary of the subject's
resting physiological measures.
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Table 9
Descriptive Statistics for Subject Population

Variable (N=l0)
Age (years)
Height (mm)
Weight (kg)

Mean
24.8
1774.2
75.14

STD

Range

3.01

21 - 28

76.2

1676.0 - 1930.0

11.88

56.36 - 102.3

Shoulder Height (mm)

1471.9

81.3

1372.0 - 1600.0

Iliac Crest Height (mm)

1052.8

53.7

953.5 - 1143.0

Knuckle Height (mm)

776.9

55.34

685.8 - 863.6

Knee Height (mm)

560.07

34.03

508.0 - 622.3

Forearm-Grip Distance (mm)

377.4

19.5

350.5 - 419.1

Chest Width (mm)

297.7

26.2

264.2 - 345.4

Chest Depth (mm)

214.6

25.6

177.8 - 269.2

Abdominal Depth (mm)

203.9

21.5

175.3 - 241.3

Grip Strength at Elbow Angle
of 180 Degrees (kgf)

44.0

7.24

32 - 54

Grip Strength at Elbow Angle
of 90 Degrees (k&)

43.0

10.17

30 - 62
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Table 10
Comparison of Grip Strength With Other Studies

Variable

Present Study
N=l0
Mean
(STD)

Grip Strength
(kgr)

Fredericks
(1995)
N=l2
Mean
(STD)

Viswanath
(1991)
N=l5
Mean
(STD)
49.33
(7.99)

45.92
(6.25)

43.0
(10.16)

Ayoub
(1982)
N=50
Mean
(STD)
45.86
(8.44)

Table 11
Summary of Resting Physiological Measures

Mean

STD

Resting Systolic Blood Pressure (mmHg)

111.18

8.95

Resting Diastolic Blood Pressure (mmHg)

67.15

6.09

Resting Average Blood Pressure (mmHg)

89.16

7.52

Resting Heart Rate (bpm)

75.65

6.53

0.27

0.02

Variable (N=40)

Resting Oxygen Consumption (I/min)
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Experiment One
Effects of Mold Height and Carrying Distance
The data were analyzed to document the effect of mold height and carrying
distance on the response variables utilizing an unbalanced case of a randomized block
design with subjects as blocks. This model is stated in equation 3.
(3)
for, I = 1, 2
j = 1, 2
k = 1, 2, ... , 10
where,
µ = mean

� = effect of ith level of mold height
Pj = effect of jth level of carrying distance
(a.P)ij = interaction effect between mold height and carrying distance
-ck = effect of kth block
Eijk = random error component.
Table 12 represents uphill treadmill aerobic capacity (PWC), 21% and 33% of
uphill treadmill aerobic capacity, and steady state oxygen consumption at each
combination for all subjects. Recall from the protocol in chapter IV that a submaximal
test on the treadmill was conducted on each subject in order to determine their
physical work capacity. Physical work capacity was calculated by a simple linear
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Table 12
Uphill Treadmill Aerobic Capacity, 21 % ofUphill Treadmill Aerobic Capacity, and
Steady State Oxygen Consumption at Each Combination (l/min)

Al

A2

A3

A4

1.2

1.02

1.16

1.11

1.22

1.08

1.15

0.73

0.8

0.98

0.82

0.96

0.85

1.35

0.89

1.19

0.98

1.08

3.22

0.68

1.08

0.83

1.18

1.05

1.08

6

3.84

0.81

1.28

0.99

1.08

0.9

1.08

7

2.71

0.57

0.9

1.07

1.13

1.03

1.13

8

3.53

0.74

1.18

0.98

1.06

0.98

1.02

9

3.55

0.75

1.18

0.89

1.1

0.81

1.01

10

2.98

0.63

0.99

0.85

1.18

0.73

1.14

Mean

3.255

0.685

1.084

0.95

1.13

0.94

1.08

STD

0.69

0.145

0.23

0.11

0.08

0.11

0.07

21%PWC 33%PWC

Subject

PWC

1

4.15

0.87

1.38

1.09

2

2.32

0.49

0.77

3

2.2

0.46

4

4.05

5

Note: Al= Mold height of0.4572 m. and carrying distance of1.2192 m.
A2 = Mold height of0.4572 m. and carrying distance of4.572 m.
A3 = Mold height of0.6096 m. and carrying distance of1.2192 m.
A4 = Mold height of0.6096 m. and carrying distance of4.572 m.
regression using three steady state measures ofheart rate and oxygen consumption and
extrapolating to maximum heart rate.
Recall from the literature Michael, Hutton, and Horbath (1961) conducted
cycle ergometer and treadmill test at various speeds and loads for a continuous 8-hour
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day. They reported that 35% of maximum aerobic capacity (PWC) should be
physiological limit of work that could be performed without experiencing undue
fatigue. Krager (1982) stated a slightly lower figure of 33% of PWC should not be
surpassed during the course of an 8-hour day without experiencing undue fatigue.
According to Legg and Pateman (1985) and Legg and Myles (1985), 21-23% of uphill
treadmill aerobic capacity should be considered as the upper limit of metabolic energy
expenditure that could be sustained for any load/repetition combination for 8-h
workdays. In terms of bicycle aerobic capacity, the recommendation would be
approximately 28-29%. This limit will have to be revised downwards, to 23-24% of
bicycle aerobic capacity, for 12-h workdays.
Upon comparing the steady state oxygen consumption values with the 33%
and 21% uphill treadmill aerobic capacity at Table 12, it is evident that according to
33% PWC limit more than 50% of the data are over the limit and according to 21%
PWC limit all of the values are over the limit. This gives us a strong indication that the
manual pouring is a physically demanding task and exposes employees to high risk
factor for musculoskeletal injury.
Table 13 provides summaries of the descriptive statistics for all response
variables separated by testing conditions of varying mold height and carrying distance.
Reviewing these tables it is evident that the means of the physiological variables
increased with an increase in carrying distance but did not follow any pattern for
increase in mold height. Rating of perceived exertions appeared to follow the same

67
Table 13
Descriptive Statistics for Response Variables at Different Levels
ofMold Height and Carrying Distance
Al
Mean
(STD)

A2
Mean
(STD)

A3
Mean
(STD)

A4
Mean
(STD)

Systolic BP (mmHg)

113.7
(7.75)

114.2
(15.38)

115.5
(11.16)

117.1
(9.65)

Diastolic BP (mmHg)

68.2
(10.28)

66.8
(10.03)

67.6
(6.39)

70.8
(14.7)

90.95
(7.6)
0.95
(0.11)

90.5
(12.27)

91.55
(8.12)

93.95
(11.38)

1.13
(0.08)

0.94
(0.11)

104.8
(11.72)

108.0
(14.09)

1.08
(0.07)
109.9
(13.98)

Heart Rate Reserve (bpm)

54.44
(6.35)

56.11
(7.59)

53.41
(8.21)

57.09
(7.49)

Hand RPE (Borg, 1962)

12.1
(1.92)

13.5
(2.01)

12.4
(1.89)

13.5
(1.58)

Wrist RPE (Borg, 1962)

10.8
(2.2)

12.6
(1.43)

11.2
(2.49)

13.0
(1.33)

Forearm RPE (Borg, 1962)

12.2
(2.53)

12.6
(2.32)

11.6
(2.55)

12.8
(2.49)

Variable

Mean BP (mmHg)
Oxygen Consumption (I/min)
Heart Rate (bpm)

102.8
(15.3)

9.8
9.0
(2.41)
(2.49)
8.9
9.0
Whole Body RPE
8.4
(Borg, 1962)
(2.6)
(2.46)
(3.01)
8.7
Back RPE (Borg, 1962)
8.1
8.4
(1.51)
(2.11)
(2.13)
Note: Al = Mold height of0.4572 m. and canying distance of1.2192 m.
A2 = Mold height of0.4572 m. and carrying distance of4.572 m.
A3 = Mold height of0.6096 m. and carrying distance of1.2192 m.
A4 = Mold height of0.6096 m. and carrying distance of4.572 m.
Shoulder RPE (Borg, 1962)

8.8
(2.49)

IO.I
(2.73)
9.6
(2.91)
9.0
(2.21)
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pattern. Table 14 provides a summary of the ANOVA for the effects of mold height
and carrying distance on the response variables.
Physiological Responses

ANOVA results for the effects of mold height. and carrying distance on the
physiological responses are presented in Tables 15 to 20. These responses were heart
rate, heart rate reserve, oxygen consumption, and blood pressure. All of the
physiological variables were chosen because they provide an accurate depiction of the
stress on the physiological systems in the body. They are also consistently used in
other psychophysical studies which are useful in the comparison process (Snook and
Irvine, 1968; Snook and Irvine, 1969; Rodrigues, 1989; Fredericks, 1991; Fox, 1993).
Since the heart rate response to one and the same work load varies individually, the
circulatory strain is best expressed as a percentage of heart rate reserve of the subject,
the heart rate reserve being the difference between maximum heart rate and resting
heart rate (Astrand, 1960). Results showed that carrying distance had a significant
effect on the heart rate, heart rate reserve, and oxygen consumption. Mold height was
found to have no significant effect on the heart rate, heart rate reserve, and oxygen
consumption. Interaction between mold height and carrying distance had a significant
effect on the heart rate, and heart rate reserve at a = 0.1.
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Table 14
Summary of ANOVA for Response Variables
Variable

Mold Height Carrying Distance Mold * Carrying
Height Distance
F-value
F-value
F-value
(Pr> F)
(Pr> F)
(Pr> F)

Systolic BP (mmHg)

1.10
(0.31)

0.22
(0.64)

0.06
(0.81)

Diastolic BP (mmHg)

0.35
(0.56)

0.10
(0.76)

0.64
(0.43)

Mean BP (mmHg)

0.89
(0.35)

0.21
(0.65)

0.44
(0.51)

Oxygen Consumption (I/min)

2.01
(0.17)

0.91
(0.35)

Heart Rate (bpm)

0.00
(0.97)

Heart Rate Reserve (bpm)

0.00
(0.97)

56.34
(0.00)*
20.06
(0.00)*
19.97
(0.00)*

Hand RPE (Borg, 1962)

0.19
(0.66)

13.53
(0.00)*

Wrist RPE (Borg, 1962)

1.23
(0.28)

. Forearm RPE (Borg, 1962)

0.20
(0.66)

Shoulder RPE (Borg, 1962)

0.35
(0.56)

24.99
(0.00)*
3.25
(0.08)**
6.13
(0.02)*

2.88
(0.10)**
2.83
(0.10)*
0.19
(0.66)
0.00
(1.00)
0.81
(0.38)
0.01
(0.91)

5.11
7.14
0.04
(0.03)*
(0.01)*
(0.84)
3.14
0.78
Back RPE (Borg, 1962)
0.00
(0.09)**
(1.00)
(0.38)
*Value of (Pr>F) which is less than 0.05 indicates that effect of the factor is significant
at a=0.05.
**Value of (Pr>F) which is less than 0.1 indicates that effect of the factor is significant
at a=0.1.
Whole Body RPE
(Borg, 1962)
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Table 15
ANOVA Summary of Heart Rate (bpm)

F-value

Pr>F

72S:9028

54.90

0.0001

0.0250

0.0250

0.00

0.9656

1

265.2250

265.2250

20.06

0.0001

MH*CD

1

38.0250

38.0250

2.88

0.1014

Error

27

356.9750

13.2213

Total

39

7193.3750

Source

DF

ss

Subject

9

6533.1250

Mold Height (MH)

1

Carrying Distance (CD)

Mean Square

Table 16
ANOVA Summary for Heart Rate Reserve (bpm)

Source

DF

ss

Subject

9

Mold Height (MH)

Pr>F

Mean Square

F-value

1896.8920

210.7658

58.94

0.0001

1

0.0065

0.0065

0.00

0.9662

Carrying Distance (CD)

1

71.4139

71.4139

19.97

0.0001

MH*CD

1

10.1346

10.1346

2.83

0.1038

Error

27

96.5489

3.5759

Total

39 2074.9960
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Table 17
ANOVA Summary for Oxygen Consumption (I/min)

Source

DF

ss

Subject

9

0.2102525

Mold Height (MD)

1

Carrying Distance (CD)

Mean Square

F-value

Pr > F

0.0233.614

5.05

0.0005

0.0093025

0.0093025

2.01

0.1678

1

0.2608225

0.2608225

56.34

0.0001

MH*CD

1

0.0042025

0.0042025

0.91

0.3492

Error

27

0.1249975

0.0046295

Total

39

0.6095775

Table 18
ANOVA Summary for Systolic Blood Pressure (mmHg)

Source

DF

ss

Subject

9

3268.1250

Mold Height (MH)

1

Carrying Distance (CD)

Mean Square

F-value

Pr>F

363.1250

7.20

0.0001

5.2250

55.2250

1.10

0.3045

1

1.0250

11.0250

0.22

0.6438

MH*CD

1

3.0250

3.0250

0.06

0.8083

Error

27 1360.9750

Total

39 4698.3750

50.4065
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Table 19
ANOVA Summary for Diastolic Blood Pressure (mmHg)

DF

Source

ss

Mean Square

F-value

Pr>F

Subject

9 1953.1000

217.0lll

2.64

0.0246

Mold Height (MH)

1

28.9000

28.9000

0.35

0.5582

Carrying Distance (CD)

1

8.1000

8.1000

0.10

0.7560

MH*CD

1

52.9000

52.9000

0.64

0.4295

Error

27 2220.1000

82.2259

Total

39 4263.1000

Table 20
ANOVA Summary for Blood Pressure Mean (mmHg)

Source

DF

ss

Subject

9

2393.0563

Mold Height (MH)

1

Carrying Distance (CD)

F-value

Pr>F

265.8951

5.79

0.0002

41.0062

41.0062

0.89

0.3532

1

9.5062

9.5062

0.21

0.6529

MH*CD

1

20.3063

20.3063

0.44

0.5118

Error

27 1240.6187

45.9488

Total

39 3704.4938

Mean Square
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Duncan's multiple range test for the effects of mold height and carrying distance on
the significant physiological responses was performed for the allocation of difference.
Results of the Duncan's test for each response variables are discussed below.
Heart Rate. There were no significant differences in steady state heart rates in
any of the mold heights. In one of their psychophysical study Snook and Irvine (1968,
1969) found lifting height to haye significant effect on steady state heart rate. Possible
reason for variation between two studies is may be the height difference under
consideration. Height difference in present study is not big as Snook and Irvine's
study. There were significant difference in steady state heart rate for the two different
carrying distance. Mital and Manivasagan (1983b) observed that for infrequent
carrying tasks a psychophysical study resulted a heart rate limit of 100 bpm. All of the
task combination for the present study resulted in higher steady state heart rate.
R esults from the both study give a strong indication about the carrying distance being
a significant factor in the manual material handling activities. The interaction between
mold height and carrying distance was found to be significant at a = 0.1.
Figure 6 depicts the effects of carrying distance on steady state heart rate.
Heart Rate Reserve. There was no significant difference in heart rate reserve
in any of the mold height. There was significant difference in heart rate reserve for the
two different carrying distance. There was a 5% increase in heart rate reserve with the
increase of carrying distance from 1.2192 meters to 4.572 meters. The interaction
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Figure 6. Effect of Carrying Distance on Steady State Mean Heart Rate.
between mold height and carrying distance was found to be significant at a = 0.1.
Figure 7 shows the effects of carrying distance on heart rate reserve.
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Figure 7. Effect of Carrying Distance on Steady State Mean Heart Rate Reserve.
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Systolic Blood Pressure. There was no significant difference between systolic
blood pressure in any of the mold heights. There was also no significant difference
between systolic blood pressure at any of the different canying distance. The
interaction between mold height and carrying distance was found not to be significant.
A simultaneous measurement of intra-arterial blood pressure in a peripheral artery and
in the aorta during exercise gives a higher systolic end pressure, but the mean and
diastolic pressures are about the same as in the aorta (Marx et al. 1967). In the present
study, there was a slight increase in systolic blood pressure with increase in both mold
height and canying distance but diastolic pressure remained almost same. So the
results are similar to the results of Marx (1967).
Diastolic Blood Pressure. There was no significant difference between
diastolic blood pressure in any of the mold height. There was also no significant
difference between diastolic blood pressure at any of the different carrying distance.
The interaction between mold height and carrying distance was also found not found
to be significant. There was little change in diastolic end pressure with the change in
task combinations. This result is also similar to the results of Marx (1967) as discussed
in the previous section.
Mean Blood Pressure. There was no significant difference between mean
blood pressure with change in mold height. There was also no significant difference in
mean blood pressure at any canying distance. The interaction term was also found not
to be significant. There was little change in mean blood pressure with the change in
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task combinations. This result is also similar to the results of Marx (1967) as discussed
in the previous section.
Oxygen Consumption. There was no significant difference in steady state
oxygen consumption in any of the mold height. According to Mital and Fard (1986)
lifting height had a significant effect on oxygen consumption. Possible reason for the
difference in result between Mitals and present study may be the lower change in lift
height for the present study. There was significant difference in steady state oxygen
consumption for the two different carrying distance. There was approximately 17%
increase in oxygen consumption with the increase of carrying distance from 1.2192
meters to 4.572 meters. In a study using physiological approach Dutta and Taboun
(1989) found similar trend of increasing oxygen consumption with the increase in
carrying distance from 3 to 12 meters. The interaction term was found not to be
significant. Figure 8 shows the effects of carrying distance on steady state oxygen
consumption.
Summary of Analysis on Physiological Response. Results from the analysis of
the effects of mold height and carrying distance on physiological responses revealed
that Carrying distance played a significant role in the increase of the subject's heart
rate and oxygen consumption from a resting state to steady state working. But it did
not prove to have any effect on blood pressures. Mold height did not prove to have an
effect on any of the physiological variables.
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Figure 8. Effect of Carrying Distance on Steady State Mean Oxygen Consumption.
Perceived Exertion
Ratings of perceived exertion (RPE) using Borg Scale (1962) for hand, wrist,
forearm, shoulder, whole body, and back were also analyzed using the previously
stated model to examine the effects of mold height and carrying distance on perceived
exertion. Tables 21 to 26 present the results of this analysis.
Results from Tables 21 to 26 show that carrying distance had a significant
effect on the hand, wrist, shoulder, and whole body .but not on forearm and back.
Mold height was not shown to have any effect on any of the RPEs except for the
ratings for whole body.
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Table 21
ANOVA Summary for Hand RPE (Borg, 1962)

Source

DF

ss

Subject

9

93.125000

Mold Height (MH)

1

Carrying Distance (CD)

F-value

Pr>F

10.347222

8.96

0.0001

0.225000

0.225000

0.19

0.6624

1

15.625000

15.625000

13.53

0.0010

MH*CD

1

0.225000

0.225000

0.19

0.6624

Error

27 31.17500

Total

39 140.37500

Mean Square

1.15463

Table 22
ANOVA Summary for Wrist RPE (Borg, 1962)

Source

DF

ss

Subject

9

98.600000

Mold Height (MH)

1

Carrying Distance (CD)

F-value

Pr>F

12.955556

8.45

0.0001

1.600000

1.600000

1.23

0.2764

1

32.400000

32.400000

24.99

0.0001

MH*CD

1

0.000000

0.000000

0.00

1.0000

Error

27 35.00000

Total

39 167.60000

Mean Square

1.29630
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Table 23
ANOVA Summary for Forearm RPE (Borg, 1962)

Source

DF

ss

Subject

9

166.90000

18.54444

9.43

0.0001

Mold Height (MH)

1

0.40000

0.40000

0.20

0.6556

Carrying Distance (CD)

1

6.40000

6.40000

3.25

0.0824

MH*CD

1

1.60000

1.60000

0.81

0.3750

Error

27

53.10000

1.96667

Total

39 228.40000

Mean Square

F-value

Pr>F

Table 24
ANOVA Summary for Shoulder RPE (Borg, 1962)

Source

DF

ss

Subject

9

181.52500

20.16944

11.21

0.00001

Mold Height (MH)

1

0.62500

0.62500

0.35

0.5605

Carrying Distance (CD)

1

11.02500

11.02500

6.13

0.01_99

MH*CD

1

0.02500

0.02500

0.01

0.9070

Error

27

48.57500

1.79907

Total

39 241.77500

Mean Square

F-value

Pr>F
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Table 25

ANOVA Summary for Whole Body RPE (Borg, 1962)

Pr>F

Source

DF

ss

Subject

9

257.72500

28.63611

48.40

0.0001

Mold Height (MH)

1

4.22500

4.22500

7.14

0.0126

Carrying Distance (CD)

1

3.02500

3.02500

5.11

0.0320

MH*CD

1

0.02500

0.02500

0.04

0.8387

Error

27

15.97500

0.59167

Total

39 280.97500

Mean Square

F-value

Table 26
ANOVA Summary for Back RPE (Borg, 1962)

Source

DF

ss

Mean Square

F-value

Pr>F

12.71111

11.07

0.0001

0.00000

0.00000

0.00

1.0000

1

3.60000

3.60000

3.14

0.0879

MH*CD

1

0.90000

0.90000

0.78

0.3838

Error

27

31.00000

1.14815

Total

39 149.90000

Subject

9 114.40000

Mold Height (MH)

1

Carrying Distance (CD)
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Duncan's multiple range test for the effects of mold height and carrying
distance on the RPE's was performed for the allocation of difference. Results of the
Duncan's test for each response are discussed below.
Hand RPE. There was no significant difference in hand RPE for any of the
mold heights. There was significant difference in hand RPE for the two different
carrying distance. The interaction between mold height and carrying distance was
found not found to be significant. Figure 9 shows the effects of carrying distance on
hand RPE. From the figure it was evident that the RPE for the hand was the highest as
the subjects reported most pain in their hand.
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Figure 9. Effect of Carrying Distance on Mean Hand RPE.
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Wrist RPE. There was no significant difference in wrist RPE for any of the
mold height. There was significant difference in wrist RPE for the two different
carrying distance. The interaction between mold height and carrying distance was
found not found to be significant. Figure IO shows the effects of carrying distance on
wrist RPE. The RPE values for wrist were less than hand but higher than all others.
This may indicate that wrist was the second most affected area.
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Figure 10. Effect of Carrying Distance on Mean Wrist RPE.
Forearm RPE. There was no significant difference in forearm RPE for any of
the mold height. There was also no significant difference in forearm RPE for the two
different carrying distance. The interaction between mold height and carrying distance
was found not found to be significant also. Although the RPEs for different mold
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heights and carrying distances was not significantly different from each other, their
value was high. This gives a indication that the task is equally burdensome effect on
forearm area.
Shoulder RPE. There was no significant difference in shoulder RPE for any of
the mold height. There was significant difference in shoulder RPE for the two different
carrying distance. The interaction between mold height and carrying distance was
found not found to be significant. Figure 11 shows the effects of carrying distance on
shoulder RPE.
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Figure 11. Effect of Carrying Distance on Mean Shoulder RPE.
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Whole Body RPE. There was significant difference in whole body RPE for the
mold height. There was also significant difference in whole body RPE for the two
different canying distance. The interaction between mold height and canying distance
was found not found to be significant. Figure 12 shows the effects of canying distance
and mold height on whole body RPE.
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Figure 12. Effect ofCanying Distance and Mold Height on Mean Whole Body RPE.
Back RPE. There was no significant difference in back RPE for any of the
mold height. There was also no significant difference in back RPE for the two different
canying distance. The interaction between mold height and canying distance was also
found not found to be significantly different.
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Comparison of Experiment One to Pilot Study
The values obtained in this study were compared to the results of the pilot
study. As the physical set up of the simulated task and the foundry were identical and
same protocols were followed, they can be compared. Three t-test were conducted on
age, body weight and height to determine if the populations in the two studies were
similar (a = 0.05). It was found that there were no significant differences between
these populations. A t-test concluded that there were no significant differences
between steady state oxygen consumption and heart rate of two experiments. This
gives an indication that the simulated experiment was a true representation of the
actual foundry environment.
Summary of Experiment One
The first objective of experiment One was to determine the effect of various
task combination on the subjects physiological response variables and check whether
they are within the acceptable limits as described by various researchers (Michael,
Hutton, and Horbath, 1961; Krager, 1982; Legg and Pateman, 1985; Legg and Myles,
1985). Upon reviewing the results it was revealed that according to 21%PWC limit all
of the oxygen consumption values and for 33%PWC limit more than 50% of the
oxygen consumption values were beyond the limit. So the task is physically demanding
and needs to be adjusted in order to reduce the risk of injury due to overexertion.

The second objective was to determine the effect of mold height and carrying distance
on the response variables. It was found out that the carrying distance had a significant
impact on the response variable. But the effect of mold height was found not to be
significant.
The third objective of experiment One was to determine how the subjects rates
their perceived exertion regarding the various task combination for different body
parts. It was found out that the subjects rated the carrying distance to be a
contributing factor for hand, wrist, and shoulder discomfort and both mold height and
carrying distance to be a contributing factor for whole body discomfort.
Experiment Two
The primary objective of experiment Two was to determine the maximum
acceptable pouring frequency (MAF) for the treatment combinations and also to study
the effect of mold height and carrying distance on the physiological variables and
rating of perceived exertion (RPE) for the developed MAF.
Effects of Mold Height and Canying Distance
The data from experiment Two were analyzed to examine the effects of mold
height and carrying distance on the response variables including maximum acceptable
frequency (MAF) for a pouring operation. Thus, the data was analyzed to document
the effect of mold height and carrying distance on the response variables utilizing an
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unbalanced case of a randomized block design with subjects as blocks. This model is
stated in equation 4.
(4)
for, i = 1, 2
j = 1, 2
k = 1, 2, ... , 10
where,
µ =mean
a; =effect of ith level of mold height
J3j = effect ofjth level of canying distance
(aJ3)ij = interaction effect between mold height and canying distance
-ck = effect of kth block
EiJ1c

= random error component

Table 27 provide summaries of the descriptive statistics for all response
variables separated by testing conditions of varying mold heights and canying
distances. Reviewing these tables it is evident that the means of the independent
variable, MAF, decreased with an increase in mold height and canying distance.
Among physiological variables oxygen consumption and rating of perceived exertion
appeared to be inversely related to MAF. Blood pressure and heart rate do not appear
to follow any given pattern.
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Table 27
Descriptive Statistics for Response Variables at Different Levels
ofMold Height and Carrying Distance
Variable

Al
Mean
(STD)

A2

Mean
(STD)

A3
Mean
(STD)

A4
Mean
(STD)

82.6
(9.32)

63.3
(4.90)

71.9
(6.90)

61.4
(5.85)

Systolic BP (mmHg)

112.3
(9.19)

112.3
(8.97)

110.8
(7.07)

108.7
(5.64)

Diastolic BP (mmHg)

65.8
(6.84)

71.4
(11.59)

66.1
(5.61)

64.9
(3.76)

Mean BP (mmHg)

89.05
(6.97)
0.79
(0.05)

91.85
(9.29)
0.86
(0.06)

88.45
(5.67)

86.8
(3.92)

0.82
(0.09)

0.88
(0.12)

97.2
(12.35)

100.5
(11.75)

97.3
(12.96)

100.3
(13.82)

Heart Rate Reserve (bpm)

50.49
(6.66)

52.21
(6.36)

50.54
(6.88)

52.11
(7.42)

Hand RPE (Borg, 1962)

9.5
(1.96)

10.1
(2.08)

10.5
(0.97)

10.9
(1.52)

Wrist RPE (Borg, 1962)

8.7
(1.7)

9.3
(1.95)

9.2
(1.93)

9.8
(2.15)

Forearm RPE (Borg, 1962)

9.0
(1.76)

9.6
(1.89)

9.7
(1.70)

10.1
(1.73)

Shoulder RPE (Borg, 1962)

7.6
(1.89)

7.8
(1.62)

7.6
(1.64)

8.2
(2.25)

MAF (pours/hr.)

Oxygen Consumption(Vmin)
Heart Rate (bpm)

6.8
(1.48)
7.6
Back RPE (Borg, 1962)
8.1
7.4
(2.02)
(1.78)
(1.89)
Note: Al= Mold height of0.4572 m. and carrying distance of1.2192 m.
A2 = Mold height of0.4572 m. and carrying distance of4.572 m.
A3 = Mold height of0.6096 m. and carrying distance of1.2192 m.
A4 = Mold height of0.6096 m. and carrying distance of4.572 m.
Whole Body RPE
(Borg, 1962)

7.2
(1.81)

7.6
(2.17)

7.9
(2.69)
8.1
(2.23)
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Table 28 provides a summary of the ANOVA for the effects of mold height
and carrying distance on the maximum acceptable frequency (MAF) and other
response variables.
Maximum Acceptable Frequency (MAF)
Table 29 provides the results from the analysis of variance for MAF at different
mold heights and carrying distances. Results showed that both mold height and
carrying distance had significant effects on the MAF. Also, there was interaction effect
between mold height and carrying distance.
Duncan's Multiple Range Test was performed to determine which levels of
mold height and carrying distance differed. Results indicated that there were significant
differences between all mold heights and carrying distances on MAF. These results are
depicted in Figure 13. As the mold height increased from 0.4572 m. to 0.6096 m., task
frequency decreased by approximately 8.6%. Similar results were found by Snook and
Irvine (1968, 1969) for three lift height range; floor level to knuckle height, knuckle to
shoulder height, and shoulder to reach height. Also, as the carrying distance increased
from 1.2192 m. to 4.572 m., task frequency decreased by approximately 19%. Snook
(1978a, b) reported in a similar type of study that the maximum acceptable weight of
carry decreases with carrying distance and carrying frequency. The interaction between
mold height and carrying distance was also determined to be significant.
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Table 28
Summary of ANOVA for Response Variables
Variable

Mold Height Carrying Distance Mold * Carrying
Height Distance
F-value
F-value
F-value
(Pr> F)
(Pr> F)
(Pr> F)

1.62
(0.21)

81.45
(0.00)*
0.27
(0.61)

7.1
(0.01)*
0.27
(0.61)

Diastolic BP (mmHg)

2.57
(0.12)

1.29
(0.27)

3.09
(0.90)

Mean BP (mmHg)

2.83
(0.10)**
1.14
(0.29)

0.12
(0.75)

1.76
(0.19)

9.64
(0.00)*
5.67
(0.02)*
5.7
(0.02)*
1.47
(0.23)

0.14
(0.71)

1.52
(0.23)

0.00
(1.00)

MAF (pours/hr.)

14.56
(0.00)*

Systolic BP (mmHg)

Oxygen Consumption (l/min.)
Heart Rate (bpm)

0.00
(0.97)

Heart Rate Reserve (bpm)

0.00
(0.97)

Hand RPE (Borg, 1962)

4.83
(0.04)*
1.06
(0.31)

Wrist RPE (Borg, 1962)

0.01
(0.91)
0.01
(0.92)
0.06
(0.81)

Forearm RPE (Borg, 1962)

2.75
(0.11)

1.91
(0.18)

0.08
(0.78)

Shoulder RPE (Borg, 1962)

0.20
(0.66)

0.1
(0.38)
3.72
(0.64)

0.20
(0.66)

0.81
(0.38)
4.10
0.11
Back RPE (Borg, 1962)
0.11
(0.58)
(0.74)
(0.74)
* Value of (Pr> F) which is less than 0.05 indicates that effect of the factor is
significant at a = 0.05.
** Value of (Pr> F) which is less than O.1 indicates that effect of the factor is
significant at a = 0.1.
Whole Body RPE
(Borg, 1962)

0.02
(0.89)
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Table 29
ANOVA Summary for MAF (Psychophysical Frequency) (Pours/hr)

Source

ss

DF

Mean Square

F-value

Pr>F

Subject

9 1001.9000

111:3222

4.08

0.0021

Mold Height (MH)

1

396.9000

396.9000

14.56

0.0007

Carrying Distance (CD)

1 2220.1000

2220.1000

81.45

0.0001

MH*CD

1

193.6000

193.6000

7.10

0.0128

Error

27

735.9000

27.2556

Total

39 4548.4000

C.
u..

100
80
60
40
20
0

■ Carrying Distance (m)
1.2192

■ Carrying Distance (m)
4.572

0.4572

0.6096

Mold Height (m)

Figure 13. Effect of Mold Height and Carrying Distance on Mean Maximum
Acceptable Frequency (MAF).
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Physiological Responses
Table 30 represents uphill treadmill aerobic capacity (PWC), 21% and 33% of
uphill treadmill aerobic capacity, and steady state oxygen consumption at each
combination for all subjects.
Upon comparing the steady state oxygen consumption values with the 33%
and 21% uphill treadmill aerobic capacity at Table 30, it is evident that the averages
for all four combinations are acceptable by 33%PWC criteria but unacceptable by
21%PWC criteria as mentioned in experiment one. Mital et al. (1984) and Mital
(1983c) reported the load frequency combinations determined by the psychophysical
approach overestimate individual's lifting capabilities. Clearly although present study
did not violated Mital's 33% and 28-29%PWC limits, but it violated 21%PWC limit
(Legg and Pateman, 1985; Legg and Myles, 1985). This gives us an indication that the
task is strenuous but acceptable in comparison to the upper limits of work for an 8-h
day. In manual material handling tasks it is important to design for a range of workers
and not for the mean. To reduce the risk of musculoskeletal disorders, tasks should be
designed for the extreme users (lowest PWC) to accommodate all individual.
ANOVA results for the effects of mold height and carrying distance on the·
physiological responses are presented in Tables 31 to 36. These responses were heart
rate, heart rate response, oxygen consumption, and blood pressures. All of these
physiological response variables were chosen due to accurate depiction of the stress on
the physiological systems in the body. They are also consistently used in other
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Table 30
Steady State Oxygen Consumption at Each Combination (I/min)
Subject

PWC

21%PWC

33%PWC

Al

A2

A3

A4

1

4.15

0.87

1.38

0.86

0.91

1.00

1.07

2

2.32

0.49

0.77

0.77

0.95

0.85

0.92

3

2.2

0.46

0.73

0.72

0.81

0.82

0.76

4

4.05

0.85

1.35

0.7

0.80

0.81

0.89

5

3.22

0.68

1.08

0.81

0.79

0.67

0.80

6

3.84

0.81

1.28

0.75

0.85

0.81

0.97

7

2.71

0.57

0.9

0.75

0.87

0.74

0.72

8

3.53

0.74

1.18

0.85

0.89

0.79

0.96

9

3.55

0.75

1.18

0.8

0.95

0.90

0.96

10

2.98

0.63

0.99

0.84

0.80

0.82

0.71

Mean

3.255

0.685

1.084

0.79

0.86

0.82

0.88

STD

0.69

0.145

0.23

0.05

0.06

0.09

0.12

Note: Al = Mold height of0.4572 m. and carrying distance of1.2192 m.
A2 = Mold height of0.4572 m. and carrying distance of4.572 m.
A3 = Mold height of0.6096 m. and carrying distance of 1.2192 m.
A4 = Mold height of0.6096 m. and carrying distance of4.572 m.
psychophysical studies which are useful in the comparison process (Snook and Irvine,
1968; Snook and Irvine, 1969; Rodrigues, 1989; Fredericks, 1991; Fox, 1993).
Results showed that carrying distance had a significant effect on the increase in
heart rate and oxygen consumption values from resting to steady state. Carrying
distance also had a significant effect on the heart rate reserve. Mold height was found
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Table 31
ANOV A Summary for Heart Rate (bpm)

Source

DF

ss

Mean Square

F-value

597.1139

34.14

0.0001

Pr>F

Subject

9 5374.0250

Mold Height (MH)

1

0.0250

0.0250

0.00

0.9701

Carrying Distance (CD)

1

99.2250

99.2250

5.67

0.0245

MH*CD

1

0.2250

0.2250

0.01

0.9105

Error

27 472.2750

17.4917

Total

39 5945.7750

Table 32
ANOVA Summary for Heart Rate Reserve (bpm)

Source

DF

ss

Mean Square

F-value

173.0026

36.56

0.0001

Pr>F

Subject

9 1557.0235

Mold Height (MH)

1

0.0091

0.0091

0.00

0.9654

Carrying Distance (CD)

1

26.9525

26.9525

5.70

0.0243

MH*CD

1

0.0513

0.0513

0.01

0.9179

Error

27

127.7703

4.7322

Total

39 1711.8066
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Table 33
ANOVA Summary for Oxygen Consumption (I/min)

Source

DF

ss

Subject

9

0.1488725

0.0165414

4.08

0.0021

Mold Height (MH)

1

0.0046225

0.0046225

1.14

0.2949

Carrying Distance (CD)

1

0.0390625

0.0390625

9.64

0.0044

MH*CD

1

0.0005625

0.0005625

0.14

0.7123

Error

27

0.1093775

0.0040510

Total

39

0.3024975

Mean Square

F-value

Pr>F

Table 34
ANOVA Summary for Systolic Blood Pressure (mmHg)

Source

DF

ss

Mean Square

F-value

Pr>F

Subject

9 1133.2250

125.9139

3.13

0.0104

Mold Height (MH)

1

65.0250

65.0250

1.62

0.2145

Carrying Distance (CD)

1

11.0250

11.0250

0.27

0.6050

MH*CD

1

11.0250

11.0250

0.27

0.6050

Error

27 1086.6750

40.2472

Total

39 2306.9750
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Table 35
ANOVA Summary for Diastolic Blood Pressure (mmHg)

DF

Source

ss

Mean Square

F-value

Pr>F

Subject

9 1029.4000

114.3778

30.06

0.0118

Mold Height (MH)

1

96.1000

96.1000

2.57

0.1207

Carrying Distance (CD)

1

48.4000

48.4000

1.29

0.2654

MH*CD

1

115.6000

115.6000

3.09

0.0902

Error

27 1010.4000

37.4222

Total

39 2299.9000

Table 36
ANOVA Summary for Blood Pressure Mean (mmHg)

Source

DF

ss

Mean Square

F-value

Pr>F

Subject

9 881.13125

97.90347

3.47

0.0057

Mold Height (MH)

1

79.80625

79.80625

2.83

0.1040

Carrying Distance (CD)

1

3.30625

3.30625

0.12

0.7346

MH*CD

1

49.50625

49.50625

1.76

0.1962

Error

27 760.9437

Total

39 1774.6939

28.1831
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to have no significant effect on the physiological responses. Both mold height and
carrying distance were found not to have significant effect on systolic, diastolic, and
mean blood pressure. The interaction term was found not to be significant.
Duncan's multiple range test for the effects ofmold height and carrying
distance on the significant physiological responses were performed for the allocation
ofdifference. Results ofthe Duncan's test for each response are discussed below.
Heart Rate. There was no significant difference in steady state heart rate in any
ofthe mold height. There was significant difference in steady state heart rate for the
two different carrying distance. There was a 3% increase in heart rate with the increase
in carrying distance. The average steady state heart rate for experiment two was 98.8
bpm. When this heart rate was compared with the work load assessment table
(Grandjean, 1988), the task was classified as low. The interaction between mold height
and carrying distance was found not to be significant. Figure 14 depicts the effects of
carrying distance on steady state heart rate.
Heart Rate Reserve. There was no significant difference in heart rate reserve
in any ofthe mold height. There was significant difference in heart rate reserve for the
two different carrying distance. Subjects utilized 18.4%, 21.2%, 18.5%, 21.07% ofthe
heart rate reserve when working at treatment combination Al (Mold height of0.4572
m. and carrying distance of 1.2192 m.), A2 (Mold height of0.4572 m. and carrying
distance of4.572 m.), A3 (Mold height of0.6096 m. and carrying distance of1.2192
m.), A4 (Mold height of0.6096 m. and carrying distance of4.572 m.) respectively. So
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Figure 14. Effect of Carrying Distance on Steady State Mean Heart Rate.
these values should be used as the upper limit for designing manual pouring tasks. The
interaction between mold height and carrying distance was found not found to be
significant. Figure 15 shows the effects of carrying distance on heart rate reserve.
Systolic Blood Pressure. There was no significant difference between systolic
blood pressure in any of the mold heights. There was also no significant difference
between systolic blood pressure at any of the different carrying distance. The
interaction between mold height and carrying distance was found not found to be
significant.
Diastolic Blood Pressure. There was no significant difference between diastolic
blood pressure in any of the mold height. There was also no significant difference
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Figure 15. Effect of Carrying Distance on Steady State Mean Heart Rate Reserve.
between diastolic blood pressure at any of the different carrying distance. The
interaction between mold height and carrying distance was also found not found to be
significant.
Mean Blood Pressure. There was no significant difference between mean
blood pressure with change in mold height. There was also no significant difference in
mean blood pressure at any carrying distance. The interaction term was also found.not
to be significant.
Oxygen Consumption. There was no significant difference in steady state
oxygen consumption in any of the mold height. There was significant difference in
steady state oxygen consumption for the two different carrying distance. The average
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steady state oxygen consumption for experiment two was 0.837 I/min. When this
oxygen consumption was compared with the work load assessment table (Astrand and
Rodahl, 1986), the task was classified as moderate work. The interaction term was
found not to be significant. Figure 16 shows the effects of carrying distance on steady
state oxygen consumption.

0.88
0.86
0.84
0.82
0.8
0.78
0.76

.,,,,...,,===.,,.,..,-

■

j Oxygen Consurrption J

1.2192

4.572

Carrying Distance (m)

Figure 16. Effect of Canying Distance on Steady State Mean Oxygen Consumption.
Perceived Exertion
Ratings of perceived exertion (RPE) using Borg Scale (1962) for hand, wrist,
forearm, shoulder, whole body, and back were also analyzed using the previously
stated model to examine the effects of mold height and canying distance on perceived
exertion. Tables 37 to 42 present the results of this analysis. Results from Tables 37 to
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42 showed that only mold height had a significant effect on the hand RPE. Carrying
distance was shown not to have any effect on any of the RPEs.
Table 37
ANOVA Summary for Hand RPE (Borg, 1962)

Source

DF

ss

Mean Square

F-value

Pr>F

Subject

9 57.500000

6.388889

3.81

0.0033

Mold Height (MH)

1

8.100000

8.100000

4.83

0.0368

Carrying Distance (CD)

1

2.500000

2.500000

1.49

0.2328

MH*CD

1

0.100000

0.100000

0.06

0.8090

Error

27 45.300000

1.677778

Total

39 13.500000

Table 38
ANOVA Summary for Wrist RPE (Borg, 1962)
Source

DF

ss

Mean Square

F-value

Pr>F

Subject

9 71.500000

7.944444

3.36

0.0070

Mold Height (MH)

1

2.500000

2.500000

1.06

0.3132

Carrying Distance (CD)

1

3.600000

3.600000

1.52

0.2281

MH*CD

1

0.000000

0.000000

0.00

1.0000

Error

27

3.900000

2.366667

Total

39 141.50000
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Table 39
ANOVA Summary for Forearm RPE (Borg, 1962)

DF

Source

Mean Square

ss

F-value

Pr>F

Subject

9 78.100000

8.677778

6.64

0.0001

Mold Height (MH)

1

3.600000

3.600000

2.75

0.1086

Carrying Distance (CD)

1

2.500000

2.500000

1.91

0.1781

MH*CD

1

0.100000

0.100000

0.08

0.7842

Error

27 35.300000

1.307407

Total

39 119.60000

Table 40
ANOVA Summary for Shoulder RPE (Borg, 1962)

Source

DF

ss

Subject

9

72.900000

Mold Height (MH)

1

Carrying Distance (CD)

F-value

Pr>F

8.100000

4.12

0.0020

0.400000

0.400000

0.20

0.6556

1

1.600000

1.600000

0.81

0.3750

MH*CD

1

0.400000

0.400000

0.20

0.6556

Error

27 53.100000

1.966667

Total

39 128.400000

Mean Square
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Table 41
ANOVA Summary for Whole Body RPE (Borg, 1962)

F-value

Pr>F

12.84722

8.49

0.0001

0.02500

0.02500

0.02

0.8987

1

5.62500

5.62500

3.72

0.0645

MH*CD

1

1.22500

1.22500

0.81

0.3763

Error

27 40.87500

1.51389

Total

39 163.37500

Source

DF

ss

Mean Square

Subject

9

115.62500

Mold Height (MH)

1

Carrying Distance (CD)

Table 42
ANOVA Summary for Back RPE (Borg, 1962)

F-value

Pr>F

Source

DF

ss

Mean Square

Subject

9

118.90000

13.21111

15.05

0.0001

Mold Height (MH)

1

0.10000

0.10000

0.11

0.7383

Carrying Distance (CD)

1

3.60000

3.60000

4.10

0.0528

MH*CD

1

0.10000

0.10000

0.11

0.7383

Error

27 23.70000

0.87778

Total

39 146.40000
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Duncan's multiple range test for the effects of mold height and carrying
distance on the significant RPEs were performed for the allocation of difference.
Results of the Duncan's test for each response are discussed below.
Hand RPE. There was significant difference in hand RPE between the mold
heights. This again gives strong indication about the impact of excessive load
heaviness carried by the subjects for poring purpose. Due to heavy weight subjects felt
pain in their hands during lifting the weight up to the mold heights. There was no
significant difference in hand RPE for the two different carrying distance. The
interaction between mold height and carrying distance was found not found to be
significant. Figure 17 shows the effects of mold height on hand RPE. From the figure
it was evident that the RPE for the hand was significant as the subjects reported pain
in their hand.

16
IX'.

\ • Hand RPE I
_

11
6

0.4572

0.6096
Mold Height (m)

Figure 17. Effect of Mold Height on Mean Hand RPE.
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Wrist RPE. There was no significant difference in wrist RPE for any of the
mold height. There was also no significant difference in wrist RPE for the two
different carrying distance. The interaction between mold height and carrying distance
was found not found to be significant.
Forearm RPE. There was no significant difference in forearm RPE for any of
the mold height. There was also no significant difference in forearm RPE for the two
different carrying distance. The interaction between mold height and carrying distance
was found not found to be significant also.
Shoulder RPE. There was no significant difference in shoulder RPE for any of
the mold height. There was also no significant difference in shoulder RPE for the two
different carrying distance. The interaction between mold height and carrying distance
was found not found to be significant.
Whole Body RPE. There was no significant difference in whole body RPE for
the mold height. There was also no significant difference in whole body RPE for the
two different carrying distance. The interaction between mold height and carrying
distance was found not found to be significant.
Back RPE. There was no significant difference in back RPE for any of the
mold height. There was also no significant difference in back RPE for the two different
carrying distance. The interaction between mold height and carrying distance was also
found not found to be significantly different.
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Comparison ofExperiment Two to Experiment One
The values obtained in this study were compared to the results ofExperiment
One to find the possible improvements achieved by working at subject's maximum
acceptable frequency (MAF). As mentioned earlier in the methods and procedure
section, the physical set up ofexperiment one and two were identical. In experiment
One subjects worked at a frequency currently used in the foundry where the pilot
study was conducted. In experiment Two subjects determined a frequency which they
felt they could sustain for a 8-h day without becoming unusually tired for that specific
task combination. Several t-test were conducted on maximum acceptable frequency
(MAF), oxygen consumption, heart rate, heart rate reserve, systolic blood pressure,
diastolic blood pressure, mean blood pressure, and on ratings ofperceived exertion for
hand, wrist, forearm, shoulder, whole body, and back to determine ifthere exists
significant differences between the two experiments (a = 0.05). It was found that there
were significant differences in maximum acceptable frequency between experiment one
and experiment two for all treatment combinations except treatment combination Al
(Mold height of0.4572 m. and carrying distance of1.2192 m.). For combination A2
(Mold height of0.4572 m. and carrying distance of4.572 m.), A3 (Mold height of
0.6096 m. and carrying distance of1.2192 m.), and A4 (Mold height ofO.6096 m. and
carrying distance of4.572 m.), they decreased their MAF by 23%, 12%, and 25%
respectively. Figure 18 shows comparison between foundry frequency and maximum
acceptable frequency (MAF). In a similar study Snook and Irvine (1968, 1969) found
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Comparison Between Foundry Frequency and
Maximum Accptable Frequency (MAF)
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Figure 18. Comparison Between Foundry Frequency and Maximum Acceptable
Frequency (MAF).
that there were significant differences among MAF selected by subject for two
different lift heights. It was also found that there were significant differences in steady
state oxygen consumption between the experiments for all four treatment
combinations. This gives strong indication that employees working at the foundry pace
were working harder than acceptable limits (33% PWC). An increase in task pace has
been shown to increase metabolic energy expenditure rates as reported by previous
researchers (Grag, 1976; Ayoub, 1977; Grag and Saxena, 1979; Petrofsky and Lind,
1978a; Nag et al., 1979; Sanchez et al., 1979; Ayoub et al., 1980b; Asfour et al.,
1984a, b; Mital 1984a, b). There were no also significant differences between steady
state heart rate and heart rate reserve of two experiments. Possible reason for this was
the temperature difference between foundry environment and simulated environment.
Foundry environment was at an elevated temperature level than the simulated
environment. As indicated by several researchers (Brouha, 1967; Kamon and Belding,
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1971; Givoni and Goldman, 1973; Kamon et al., 1978; Kamon, 1979; Krajewski et al.,
1979; Sengupta et al., 1979; Hafez and Ayoub, 1991), higher temperatures and
humidity results in elevated heart rates. There were no significant differences in blood
pressures between the experiments except for treatment combination A4 (Mold height
of0.6096 m. and carrying distance of 4.572 m.). Systolic and mean blood pressure
were significantly different for combination A4. Similar results for blood pressures
were reported by the researchers (Marx et al. 1967; Astrand et al., 1965) as a result of
exercise.
Results oft-test on RPE indicated that there were significant differences
between ratings for hand, wrist, forearm for all treatment combinations. Shoulder RPE
was significantly different for treatment combination A2 (Mold height of0.4572 m.
and carrying distance of 4.572 m.). Whole body RPE was significantly different for
treatment combination A3 (Mold height of 0.6096 m. and carrying distance of1.2192
m.). There were no significant difference for all other ratings.
Summary ofExperiment Two
The first objective ofexperiment Two was to utilize the psychophysical
approach to determine maximum acceptable task frequency for males performing
manual pouring operations, as seen in small foundries, for varying mold heights and
carrying distances. The acceptable frequencies were developed and it was determined
that carrying distance had a significant effect on MAF. It was also determined that
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mold height had significant effect on MAF. The interaction between mold height and
carrying distance was found to be significant.
Objective two was to determine if mold height and carrying distance had an
effect on physiological response variables and rating of perceived exertions for the
maximum acceptable frequency. It was found that carrying distance had a significant
effect on heart rate, heart rate reserve, and oxygen consumption. Mold height did not
have a significant effect on those variables. Mold height had a significant effect on the
hand RPE only. It shows us that although the subjects were working at their
acceptable frequency, they were feeling pain in their hand due to the very high physical
labor intensive nature of the job. Carrying distance found to be a insignificant factor
for all RPEs.

Prediction ofMAF
An objective of this study was to develop predictive equations for maximum
acceptable frequency for a pouring task based on various parameters. The R-square
selection procedure were used to determine equations using various parameters. These
parameters were task, strength, anthropometric, and physiological variables. Also
MAF values were used as a parameter. In developing the models, diagnostic test such
as normality checking were performed to assure that there were no major departures
from the assumptions of multiple linear regression models (Neter, Wasserman, and
Kutner, 1985). Also, other types of regression models (polynomial and non-linear
regression) were considered in the selection of the model. However, a multiple linear
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regression model appeared to be the best model in the present study. The results of the
residual analysis also confirmed the appropriateness of the multiple linear model. The
general criteria for appropriateness and efficiency of these models were: (a) detection
of the outlier by residual plots and analysis of standardized residuals; (b) analysis of
multicollinearity and variance inflation factors (VIF); (c) evaluation of E ratios
generated for each model and each independent variable within a model; (d)
evaluations of R2 values; and (e) evaluation of C(p) criterion to check the bias of a
model. When the improvement between models (i.e. R2 or C(p)) was not significant or
small, the model with independent variables which are easy to access or measure was
selected. Some of the independent variables are difficult to measure or collect in many
industries. Thus, the models were selected to have practically without significant
sacrifice of accuracy.
Results of these procedures are provided in equations 5 to 12. Equation 5
represents MAF as a function of task variables. Equations 6 to 9 include
anthropometric and strength variables with the task variables to predict MAF.
Equations 10 and 11 include physiological variables with the task variables to predict
MAF. Equations 12 combines task, strength, physiological, and anthropometric
variables to predict MAF.
MAF = 104.72 - 0.413 (MH) - 0.044 (CD)
R2 = 0.5754
where,

C (p) = 12.87

(5)

111
MAF

=

maximum acceptable frequency (pours/hour)

MH = mold height (mm.)
CD = carrying distance (mm.)
MAF = 96.45 - 0.413 (MH) - 0.044 (CD)+ 0_422 (WT) - 0.545 (GRIPSB)

(6)

C (p) = 15.08

R2 = 0.7
where,

MAF = maximum acceptable frequency (pours/hour)
MH = mold height (mm.)
CD = carrying distance (mm.)
WT = weight of subject (kg.)
GRIPSB = grip strength of subject with wrist in neutral posture and elbow at
90 degree (kgr)
MAF = 132.38 - 0.413 (MH) - 0.044 (CD) + 0.552 (WT) - 0.545 (GRIPSB)
- 0.523 (HT) - 0.317 (SHOHT)
R2 = 0.729

C (p) = 12.68

where,
MAF = maximum acceptable frequency (pours/hour)
MH = mold height (mm.)
CD = carrying distance (mm.)
WT = weight of subject (kg.)

(7)
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GRIPSB = grip strength of subject with wrist in neutral posture and elbow at
90 degree (kgf)
HT = height of subject (mm.)

SHORT = shoulder height of subject (mm.)
MAF = 157.95 - 0.413 (MH) - 0.044 (CD)+ 0.716 (WT)- 0.555 (GRIPSB)
- 0.523 (HT) - 0.394 (SHORT)- 1.23 (ABDOD)
R2 = 0.769

(8)

C (p) = 8.64

where,
MAF = maximum acceptable frequency (pours/hour)
MH = mold height (mm.)
CD = carrying distance (mm.)
WT = weight of subject (kg.)
GRIPSB = grip strength of subject with wrist in neutral posture and elbow at
90 degree (kgf)
HT = height of subject (mm.)
SHORT = shoulder height of subject (mm)
ABDOD = abdominal depth of the subject (mm)
MAF = 154.11 - 0.458 (MH) - 0.044 (CD)+ 0.704 (WT)- 0.532 (GRIPSB)
- 0.523 (HT)- 0.37 (SHORT)- 1.3 (ABDOD)+ 0.09 (FOREGRD)
R2 = 0.78

C (p) = 8.0

(9)
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where,
MAF = maximum acceptable frequency (pours/hour)
MR = mold height (mm.)
CD = carrying distance (mm.)
WT = weight of subject (kg.)
GRIPSB = grip strength of subject with wrist in neutral posture and elbow at
90 degree (kgr)
HT = height of subject (mm.)
SHOHT = shoulder height of subject (mm.)
ABDOD = abdominal depth of the subject (mm)
FOREGRD= forearm-grip distance of the subject (mm)
MAF= 74.59 - 0.371 (MR) - 0.044 (CD)+ 0.249 (SSYS)
R2 = 0.606

(10)

C (p) = 3.26

where,
MAF = maximum acceptable frequency (pours/hour)
MR = mold height (mm.)
CD= carrying distance (mm.)
SSYS = steady state systolic blood pressure (mmHg)
MAF = 74.59 - 0.367 (MR) - 0.044 (CD)+ 0.275 (SSYS)+ 0.05 (SHR)
R2 = 0.608

C (p) = 5.0

(11)
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where,
MAF = maximum acceptable frequency(pours/hour)
MH = mold height(mm)
CD = carrying distance(mm)
SSYS = steady state systolic blood pressure(mmHg)
SHR = steady state heart rate(bpm)

MAF = 189.79 - 0.521(MH) - 0.0424 (CD)+ 0.922 (WT)- 0.674 (GRIPSB)
- 0.523 (HT) - 0.465 (SHORT)- 1.77 (ABDOD) + 0.105 (FOREGRD)
- 0.297 (SDIA)
R2 = 0.81

(12)
C(p) = 9.0

where,
MAF = maximum acceptable frequency(pours/hour)
MH = mold height(mm)
CD = carrying distance(mm)
WT = weight of subject(kg)
GRIPSB = grip strength of subject with wrist in neutral posture and elbow at
90 degree(kgr)
HT = height of subject(mm)
SHORT = shoulder height of subject(mm)
ABDOD = abdominal depth of the subject(mm)
FOREGRD = forearm-grip distance of the subject(mm)
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SDIA = steady state diastolic blood pressure (mmHg)
These regression models can be used in the prediction of maximum acceptable
frequency for a manual pouring operation with reasonable accuracy.

CHAPTER VI
CONCLUSION AND RECOMMENDATIONS
Conclusions
The conclusions drawn from this study are summarized in terms of the
objectives and are enumerated below:
1. Various task parameters of foundry pouring operations were collected.
Strength data of foundry workers were also collected. Steady state working heart rate,
and oxygen consumption values were also collected and physiological cost of an actual
foundry pouring operation were determined.
2. Maximum acceptable frequencies (MAF) were developed using the
psychophysical approach. Both mold height and carrying distance, along with their
interaction, had significant effects on the MAF for a manual pouring operation. MAF
decreased with the increase of mold height and carrying distance.
3. It was determined that carrying distance influenced oxygen consumption,
heart rate, and heart rate reserve and should be used as physiological parameters.
4. A direct comparison of the simulated foundry paced study (Experiment
One) with the psychophysically determined MAF study (Experiment Two) revealed
that work rates should be reduced by as much as 25 percent.
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5. Prediction equations for the MAF, based upon various anthropometric,
physiological, and task parameters, were successfully developed. These equations can
be used in the prediction ofMAF with reasonable accuracy.
Recommendations for Future Research
Based upon the results and conclusion ofthis study, the following
recommendations for future research are made:
1. Investigation should be made with increased difference in mold heights.
Although mold height was found to have no significant effect on the response variables
in this study, other studies with higher differences in lift height found lift height to be a
significant factor.
2. Investigation should be made with lower differences in carrying distance to
determine at what point carrying distance starts to become significant.
3. Similar lifting combination studies should investigate the effect on the
electromyography (EMG) response on the sacrospinalis muscle group. This may aid in
understanding the effects of static loading on the back.
4. Cross-validation ofthe prediction model for MAF for a manual pouring
operation using industrial workers as subjects.
5. Investigate the stress imposed on the musculoskeletal system using
biomechanical models. The pouring operation has a static loading component and
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momentum resulting from holding the heavy ladle. Analyzing the operation using a
biomechanical model may reveal more insight into the cause for overexertion injuuries.
Recommendations for Application
Although the precise cost of occupational MSDs is not known, a conservative
estimate previously published by NIOSH is $13 billion annually (NIOSH 1996). Others
have estimated the cost at $20 billion annually (AFL-CIO 1997). Regardless of the
estimate used, the problem is large, both in health and economic terms. Both employer
and employee have to understand that work-related MSDs-are a major component of
the cost of work-related injuries in the United States. Back pain is by far the most
prevalent and costly MSD among U.S. industries today. The mean cost per case of
compensable low-back pain was reported to be $8,321 in 1989 (Webster and Snook,
1994b). Employers have to keep in mind that they are reducing the worker
compensation cost resulting from musculoskeletal injury due to overexertion when
they want to justify the loss occurred due to reduction in work frequency. Employees
should keep in mind that they are protecting their health by not working above their
physical capability.
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Human Subjects Institutional Review Board

J

Kalamazoo, Michigan 49008-3899
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WESTERN MICHIGAN UNIVERSllY

Date: 26 February 1998
To:

Tycho Fredericks, Principal Investigator
Sadat Karim, Student Investigator

From: Richard Wright, Chair
Re:

�

HSIRB Project Number 98-01-07

Q�

,Jt

This letter will serve as confirmation that your research project entitled "Psychophysically
Derived Work Frequencies for Manual Pouring Operations in the Foundry" has been approved
under the full category of review by the Human Subjects Institutional Review Board The
conditions and duration of this approval are specified in the Policies of Western Michigan
University. You may now begin to implement the research as described in the application.
Please note that you may only conduct this research exactly in the form it was approved.. You
must seek specific board approval for any changes in this project. You must also seek reapproval
if the project extends beyond the termination date. noted below. In addition if there are any
unanticipated adverse reactions or unanticipated eve·nts associated with the conduct of this
research, you should immediately suspend the project and contact the Chair of the HSIRB for
consultation.
The Board wishes you success in the pursuit of your research goals.
Approval Termination:

26 February 1999.
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Hello! My name is Sadat Karim. I am looking for people to participate in a study that
is designed to determine maximum acceptable work frequency for manual pouring. If
you decide to participate in the study, you will be asked to lift an iron ladle which
weights 47 lb. Along with play sand inside and then carry that ladle up to certain
distance and then pour the sand into another container. You will determine your
working frequency what you think you will be able to perform for a 8 hour day
without becoming unusually tired or fatigued.
Participation in the study would require about 18 hours of your time, divided into nine
or ten sessions.
Your assistance is completely voluntary. If you participate, you may leave the study at
any time. Your participation or withdrawal from the study will not affect your course
grade in this or in any other classes.
If you are interested in participating, please print your name and phone number on the
list that I am about to pass out.
Someone will be contacting you within the next few days to arrange a time that we can
meet and discuss the study in detail.
Thank you for your time!

Appendix C
Recruitment Posters
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Do you want to participate in a
research???
Research participants are needed to participate in a study determining maximum
acceptable work frequency for manual pouring operations. As a participant you will
spend approximately 18 hours of your time.
If interested please call 387-3666 for more information or to sign up.

AppendixD
Brief Medical History
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Subject ID Number:

Please give name and phone number of person to be contacted in case of emergency:

Name and phone number of physician and physician's hospital:

PLEASE CHECK IF SUSCEPTIBLE TO:
Shortness of breath:

Dizziness:

Fatigue:

Pain in arm, shoulder, back, or chest:

If so, EXPLAIN:

Are you currently taking any type of medication?
If so, EXPLAIN:

Head aches:
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Have you had or do you now have any problems with your blood pressure?
If so, EXPLAIN:

Within the last six months, have you had any type of surgery or serious illness?
If so, EXPLAIN:

Within the last six months have you had any type of back pain, particularly in the lower
back?
If so, EXPLAIN:

Have you ever had or do you now have a hernia?
If so, corrective date:
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Have you had your normal amount of sleep within the past 24 hours?
Have you had your normal amount of food within the past 24 hours?
Do you have a habit of using alcohol, or tobacco?
If invited to participate in the study, would you abstain from using alcohol, tobacco or
any medications for the length of the study?
__ yes
no
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Date
Age
Physiological Data
Resting HR(bpm)
Steady State
HR(bpm)

Sub_ject #
Anthropometric
Stature(in.)
Weight(lb)

Span(in.)
Hand Length(in.)

Systolic

Diastolic

7

9

Resting Blood
Pressure(mmHg)

Knee Height(in.)

Steady State Blood
Pressure(mmHg)

Grip Strength at Elbow
Ht.ffilbow<180)(kg)
Grip Strength at Elbow
Ht. (Elbow<90)(kg)
Range of Motion Data

Resting V02
Steady State V02

Transverse Plane

Sagittal Plane

Right

Left

Right

Left
Flexion
Extension
Ulnar
Radial
Neutral
RPE Data
0
Baseline
Steady State
PPE Data
Back Belt

0.5

1

2

3

4

5

6

8

10

AppendixF
Rating of Perceived Exertion (RPE)
The Borg Scale (1962)
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6

No exertion at all

7

Extremely light

8
9

Very light

10

11

Light

12
13

Somewhat hard

14
15

Hard (Heavy)

16
17

Very hard

18
19

Extremely hard

20

Maximal exertion
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Principal Investigator: Dr. T. Fredericks
Student Investigator: Sadat Karim
I have truthfully answered the questions, to the best of my knowledge, pertaining to my
personal data.
I have been invited to participate in a research project entitled "Psychophysically Derived
Work Frequencies for Manual Pouring Operations in the Foundry". I also understand that
the person responsible for this project is Dr. Tycho K. Fredericks (616) 387-6525. Dr.
Tycho K. Fredericks or his student researcher Mr. Sadat Karim, (616) 387-3666 has·
explained that this project is part of Mr. Sadat Karim's thesis requirements and is
intended to determine the maximum acceptable frequency of pouring operations usually
performed in a foundry.
My consent to participate in this project indicates that I will attend at least nine and a
maximum of ten sessions, of approximately two hours each. The first session will
involve completing a brief questionnaire and being measured for anthropometric data
(things such as my height, weight, and body fat). On the questionnaire, I will be asked to
give a brief medical history of blood pressure, back pain, hernia, dizziness and I will be
asked my personal habits (use of alcohol, tobacco, or medications). If the results of the
questionnaire indicates a chance of back disorder, or heart attack or an unwillingness to
abstain from alcohol, tobacco, or medication, I will be excluded from the study.
Dr. Fredericks or his student researcher Mr. Sadat Karim has agreed to answer any
inquires I may have concerning the procedures. Dr. Fredericks or his student researcher
Mr. Sadat Karim have (1) explained the procedures that follow and identified those which
are experimental and (2) describe the attendant discomforts and/or risks which are:
A. Briefly, these procedures involved the measurement of physiological
responses. To measure the physiological responses (oxygen consumption,
blood pressure, and heart rate) you will be asked to lift an iron laddie with
play sand inside given specific task parameters and heart rate, oxygen
conswnption will be measured using the COSMED K2 system.
B. The risks have been explained to me as follows: muscle strain or sprains,
pulled tendon, minor back pains or sprain usually encountered in manual
lifting task.
As in all research there is unforeseen risk to subjects. There is a chance of muscle strain
or sprains, pulled tendon, minor back pains or sprain usually encountered in manual
lifting task. If I encounter an accidental injury, appropriate emergency measures will be
taken according to the established procedures of the Human Performance Institute;

however, no compensation or treatment will be made available to me except as otherwise
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stated in this consent form. If this research project causes any physical injury to
participants during the project, treatment is not necessarily available at the Student Health
Center, nor is there any insurance carried by the university or by it's personnel applicable
to cover any such injury. Financial compensation for any such injury must be provided
through the participant's own insurance program.
I understand that I will not derive any therapeutic treatment from participation in this
study.
I will not receive monetary compensation for my participation in the study. My assistance
is completely voluntary.
I understand that all information that is collected about me during the study will remain
strictly confidential. That means that my name will not appear on any papers on which
this information is recorded. The forms will be coded with my subject identification
number, and Dr. Fredericks will keep a separate master list with the names of the
participants and the corresponding ID numbers. Once data are collected and analyzed,
the master list will be destroyed. All other forms will be retained for three years in a
locked file in Dr. Fredericks office.
I understand that my assistance is completely voluntary. Ifl participate, I may leave the
study at any time. My participation or withdrawal from the study will not affect my
course grade in any of my classes.
I understand that I may refuse to participate or quit at any time during the study without
prejudice or penalty. Ifl have any questions or concerns about this study, I may contact
either Dr. Fredericks at 387-6525 or his student researcher Mr. Sadat Karim at 387-3666.
I may also contact the Chair of Human Subjects Institutional Review Board at 387-8293
or the Vice President for Research at 387-8298 with any concerns that I may have. My
signature below indicates that I understand the purpose and requirements of the study and
that I agree to participate.

Signature

Date

AppendixH
Instructions for Adjusting Work Frequency
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We want you to imagine that you are on piece work, getting paid for the amount of
work that you do, but working a normal 8-hour shift that allows you to go home
without feeing bushed.
In other words, we want you to work as hard as you can without straining yourself, or
without becoming unusually tired, weakened, overheated, or out of breath.
You will adjust your own work frequency. You will perform the pouring operation
only when the computer beeps. Your job will be to adjust time between two successive
pours (i.e. computer beeps). This can be done by pressing the up or down arrow key
of the keyboard of a computer. Up arrow will increase the time between two
successive beep and down arrow will decrease the time between two successive beep.
Upon each beep you will have to pour the same amount of sand each time.
Adjusting your own work frequency is not an easy task. Only you know how you will
feel. If you feel you are working too hard, reduce the frequency, by pressing the down
arrow key.
We don't want you loafing either. If you feel you can work harder, as you might on
piece work, increase the frequency by pressing the up arrow key.
Don't be afraid to make adjustments. You have to make enough adjustment so that
you get a good feeling for what is too high frequency and what is too low frequency.
You can never make too many adjustments but you can make too few.
Remember ..............This is not a contest.
Every one is not expected to do the same amount of work.
We want your judgment on how hard you can work without becoming unusually
tired.
We thank you for your cooperation.

Appendix I
Raw Data
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Pilot Study
options ls=72 pagesize=65;
DATA;
input subject age ht wt mh cd rvo rhr WYO whr;
maxhr = 205 - (age/ 2);
hrr = (whr/ maxhr) * 100;
lVO = WYO - rvo;
ihr = whr - rhr;
cards;
1 38 71.5 167 18 15 0.28 72 1.15 103
1 38 71.5 167 24 15 0.28 72 1.25 106
1 38 71.5 167 18 4 0.28 72 1.03 98
1 38 71.5 167 24 4 0.28 72 1.06 92
2 33 67 160 24 4 0.26 75 0.98 97
2 33 67 160 18 4 0.26 75 0.94 96
2 33 67 160 24 15 0.26 75 1.14 112
2 33 67 160 18 15 0.26 75 1.12 109
Experiment One
options ls=72 pagesize=65;
DATA;
input subject age ht wt shoht illcht knucht
kneht foregrd chesw chesd abdod gripss gripsb
mh cd
rsys rdia rhr rvo
ssys sdia shr svo
rhandf rwristf rforef rshouldf rwbf rbf
rhands rwrists rfores rshoulds rwbs rbs
shandf swristf sforef sshouldf swbf sbf
shands swrists sfores sshoulds swbs sbs
maxhr = 205 - (age/ 2);
hrr = (shr/ maxhr) * 100;
ivo = svo - rvo;
ihr = shr - rhr;
isys = ssys - rsys;
idia = sdia - rdia;
sbpm = (ssys + sdia)/2;
rpp = ssys * shr;
ihandf = shandf - rhandf;
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iwristf = swristf - rwristf;
iforef = sforef - rforef;
ishouldf = sshouldf - rshouldf;
iwbf = swbf - rwbf;
ibf = sbf - rbf;
ihands = shands - rhands;
iwrists = swrists - rwrists;
ifores = sfores - rfores;
ishoulds = sshoulds - rshoulds;
iwbs = swbs - rwbs;
ibs = sbs - rbs;
cards;
1 21 71 175 57.5 41 30
21.5 15 13 9 8 54 56
18 4
134 69 74 0.28
124 66 94 1.09
000000
666666
322332
10 9 11 101010
1 21 71 175 57.5 41 30
21.5 15 13 9 8 54 56
18 15
115 74 72 0.25
123 75 91 1.2
000000
666666
433233
13 11 10101010
1 21 71 175 57.5 41 30
21.5 15 13 9 8 54 56
24 4
115 67 64 0.25
125 7083 1.02
000000
666666
334232
12 10101011 10
1 21 71 175 57.5 41 30
21.5 15 13 9 8 54 56
24 15

1 41
13071 650.26
12675951.16
000000
666666
53 6 4 42
1 412 1 413 13 12
2 28 661505437 .529.5
2013.9 10.9 8.7 8 2. 32 30
18 4
109 72 7 40.26
11678 122 1.11
000000
666666
553 3 3 2
15151513 11 9
2 28 661505437.529 .5
2013.9 10.9 8.7 8 .2 32 30
18 15
99 7081 0.25
13688 122 1 2. 2
000000
666666
7 55 43 0
16151513 12 6
2 28 661505437.529.5
2013.9 10.9 8.7 8.2 32 30
244
10671 82 0.26
123 76119 1.08
000000
666666
57 55 40
15151513 1 46
2 28 661505437 .529.5
2013 .9 10.9 8.7 8.2 32 30
2 415
101 72 83 0.2 4
121 76121 1.15
000000
666666
7 7 7 53 0
15151513 13 6
3 28 69 12 457.5 4031.5
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21 .5 14 .610.4 7.67.1 42 40
18 4
102 5 9 84 0.25
101 60121 0.8
000000
666666
32 31 02
11 10117 6 9
328 69 124 57 .5 4031 5.
21 5. 14.610.47 .67 .1 42 40
18 15
1137085 0.26
92 52 135 0. 98
000000
666666
4 4 4 31 1
1313131177
328 69 124 57.5 4031 .5
21 .5 14 .610.47.67.1 42 40
24 4
10665 85 0.26
11170134 0.82
000000
666666
2 1 31 01
97 117 67
328 69 124 57.5 4031 5.
21.5 14 .610.47.67.1 42 40
24 15
105 65 85 0.24
102 56138 0. 96
000000
666666
5 4 4 31 2
14 1313117 9
4 2176225 6344 34
24 .5 16.5 13.610.68.652 62
18 4
102 64730.28
116 92 900.8 9
000000
666666
4 332 32
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13 12 12 11 11 10
4 21 76 22563 44 34
24.5 16.5 13.6 10.686. 5262
18 15
116 5968 0.26
13065 92 1.19
000000
666666
535545
15 14 13 11 13 12
4 21 76 22563 44 34
24.5 16.5 13.6 10.6 8.6 5262
24 4
107 6267 0.26
12466 93 0.98
000000
666666
543234
15 14 13 11 12 12
4 21 76 22563 44 34
24.5 16.5 136
. 106
. 8.6 5262
24 15
1046166 0.27
117 65 94 1.08
000000
666666
6 56 4 4 3
15 15 14 13 13 12
5 24 7 2 16561.5 45 33.5
23 15.4 12 7 6.9 34 34
18 4
11567 82 0.23
117 61 118 0.83
000000
666666
5 1 3 1 1 0.5
14 7 12 7 7 7
5 24 7 2 16561.5 45 33.5
23 15.4 12 7 6.9 34 34
18 15
10263 83 0.27
12069 122 1.18
000000

144
666666
732311
17 12 13 13 9 9
5 24 72 16561.5 45 33.5
23 15.4 12 76.9 34 34
24 4
114 7084 0.27
10169 116 1.05
000000
666666
6 2 1 0.5 0.5 0.5
14 9 7 7 7 7
5 24 72 16561 .5 45 33.5
23 15 4. 12 76.9 34 34
24 15
126 8085 0.24
126 10
6 123 1.08
000000
666666
5 3 1 1 0.5 0.5
14 12 8 7 7 7
6 2567.5 15055 41 28
22 14.6 10.8 8.3 8.3 44 34
18 4
97 5865 0.25
10462 96 0.99
000000
666666
2 2 3 1 01
11 11 13 76 7
6 2567.5 15055 41 28
22 14.6 10.8 8.3 8.3 44 34
18 15
10463 71 0.27
10264 103 1.08
000000
666666
2 2 3 0.5 00.5
11 11 11 76 7
6 2567.5 15055 41 28
22 41.6 10.8 8.3 8.3 44 34
24 4
10361 77 0.27
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11865 95 0.9
000000
666666
32 4 0.5 0.5 0.5
11 9 13777
625 67.5 15055 41 28
22 41.610.88.38.344 34
24 15
1066779 0.29
109 601071.08
000000
666666
2 332 0.5 1
11 1313779
72367155 54 5. 42 27
21 14 .811 .1 87.74646
184
11871 75 0.24
12369 961 .07
000000
666666
4 4 7332
14 131712 12 10
72367155 54 .5 42 27
21 14.811.1 87.74646
1815
12069 71 0.26
13073102 1 .13
000000
666666
5 5 7332
1314 1711 11 10
72367155 54 .5 42 27
21 14 .811 .1 87.74646
24 4
129 82 74 0.29
131 77971.03
000000
666666
4 4 6332
131315 12 12 11
72367155 54.5 42 27
21 14.811 .1 87.74646
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2415
122 807 002. 3
134781 07 1 13
.
000000
666666
5 56 2 33
141415 12 12 11
82868172 57 42 30
22 .5 13.811 .39 .38.9 4038
184
1136872 0.27
11872 1 03 0.98
000000
666666
32 1 000
12 1 01 0666
82868172 57 42 30
22 5. 13.811 3
. 93
. 8.9 4038
1815
11876 71 02. 8
1 0762 1 0
31 . 0
6
000000
666666
333 000
12 12 13666
82868172 57 42 30
22 .5 13.811 .39 3
. 8.9 4038
244
11469 7 00.29
11767 94 09
. 8
000000
666666
32 3 000
11 11 11666
82868172 57 42 30
22 .5 13.811 .39 .38.9 4038
2415
117 7374 02. 6
11266 97 1 . 02
000000
666666
333 000
12 12 12666
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9 2 2 7016057.5 40 31
21 14.811.78.1 7.1 5042
184
11 2 62 740. 3
107591060.89
000000
666666
1 1 0.5 0.5 1 0.5
9108899
9 2 2 7016057.5 40 31
21 14.811 .78.1 7.1 5042
1815
10660760. 25
102 601081 .1
000000
666666
2 21111
11 11 9999
9 2 2 7016057.5 40 31
21 14.811 .78.1 7.1 5042
244
10863 73 0. 28
10959980.81
000000
666666
3 21 2 21
1 2 1 2 9898
9 2 2 7016057.5 40 31
21 14.811 .78.1 7.1 5042
2415
11659760. 27
11056111 1 0
. 1
000000
666666
2 21111
11 11 910109
10 2872 17762 42 31
2 3 5. 15 . 2 1 2 .47.99.5 4648
184
10463 82 0. 3
111 63 102 0.85
000000
666666
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3 2 4 1 00.5
12 11 13 76 7
1028 72 17762 42 31
23.515.2 12.4 7.9 9.546 48
18 15
10763 76 0.3
10060102 1 .18
000000
666666
54 3 1 1 3
14 13 12 76 11
1028 72 17762 42 31
23 5
. 15.2 12 4. 7.9 9.546 48
24 4
10560800.3
96 57 99 0.73
000000
666666
3 3 3 1 00.5
12 12 12 96 7
1028 72 17762 42 31
23.515.2 12 .4 7 9. 9 5
. 46 48
24 15
10768 78 0.3
114 70106 1.14
000000
666666
54 52 1 1
1513 159 8 9
Experiment Two
options ls=72 pagesize=65;
DATA PREDICT;
input subject age ht wt shoht illcht knucht
kneht foregrd chesw chesd abdod gripss gripsb
mh cd
rsys rdia rhr rvo
ssys sdia shr svo
rhandf rwristf rforef rshouldf rwbf rbf
rhands rwrists rfores rshoulds rwbs rbs
shandf swristf sforef sshouldf swbf sbf

149
shands swrists sfores sshoulds swbs sbs
maf
maxhr = 205 - (age/ 2) ;
hrr = (shr/ maxhr) * 100;
lVO = svo - rvo;
ihr = shr - rhr;
1sys = ssys - rsys;
idia = sdia - rdia;
sbpm = (ssys + sdia)/2;
rpp = ssys * shr;
ihandf = shandf - rhandf;
iwristf = swristf - rwristf;
iforef = sforef - rforef;
ishouldf = sshouldf - rshouldf;
iwbf = swbf - rwbf;
ibf = sbf - rbf;
ihands = shands - rhands;
iwrists = swrists - rwrists;
ifores = sfores - rfores;
ishoulds = sshoulds - rshoulds;
iwbs = swbs - rwbs;
ibs = sbs - rbs;
htl = ht * 2.54;
wtl =wt/ 2.2;
shohtl = shoht * 2.54;
illchtl = illcht * 2.54;
knuchtl = knucht * 2.54;
knehtl = kneht * 2.54;
foregrdl = foregrd * 2.54;
cheswl = chesw * 2.54;
chesdl = chesd * 2.54;
abdodl = abdod * 2.54;
mhl = mh * 2.54;
cdl = cd * 12 * 2.54;
cards;
1 21 71 175 57.5 41 30
21.5 15 13 9 8 54 56
18 4
117 59 610.24
113 67 83 0.86
000000
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666666
2 2 32 1 1
7 7 97 7 7
66
1 21 71 175 57 5. 41 30
21 5. 15 13985456
1815
1186862 0.25
11565 930.91
000000
666666
31 2 1 2 3
87 87 89
61
1 21 71 175 57 5. 41 30
21 5. 15 13985456
244
1066566 0.28
11367 95 1
000000
666666
32 4333
97 9899
66
1 21 71 175 57 .5 41 30
21 5. 15 13985456
2415
11376600.28
1096886 1 0
. 7
000000
666666
4432 33
12 1312 11 1312
61
2 2866 1505437 .5 29.5
2013.910.98.7 8.2 32 30
184
115 8381 0.26
117 781130.77
000000
666666
32 2 0.5 0.5 0
11 99766

151
92
2 28 6615054 37.5 29 5.
2013 .9 10.9 8.7 8.2 32 30
18 15
10673 83 0.26
108 84 1160.95
000000
666666
432210
13 12 11 7 7 6
66
2 28 6615054 37.5 29.5
2013 .9 10.9 8.7 8.2 32 30
24 4
107 73 83 0.26
113 61 1200.85
000000
666666
3 3 3 4 00.5
12 11 1011 67
73
2 28 6615054 37 .5 29.5
2013.9 10.9 8.7 8 2
. 32 30
24 15
103 71 83 0.26
10672 123 0.92
000000
666666
444310
13 12 12 107 6
66
3 28 69 124 57 .5 4031.5
21.5 14.610.4 7 .67.1 42 40
18 4
103 61 84 0.27
94 55 121 0.72
000000
666666
212111
109 109 9 9
72
3 28 69 124 57 .5 4031.5
21.5 14.610.4 7.67.1 42 40

152
18 15
101 56 84 0.26
10059 119 0.81
000000
666666
2 1 2 1 03
109 1096 11
61
3 2869 124 57 . 54031 .5
21.5 14.6 10.4 7 6. 7 .1 42 40
24 4
98607 9 0.25
94 56 109 0.82
000000
666666
2 01 002
116 7 66 11
68
3 2869 124 57 . 54031.5
21.5 14 .610.4 7 6. 7 1. 42 40
24 15
11465 84 0.25
10560121 0.76
000000
666666
2 1 2 1 01
97 9769
50
4 21 76 22563 44 34
24 .5 16.5 13.6 10.686. 5262
18 4
12267 600.25
117 68 83 0.7 7
000000
666666
322121
11 10109 9 10
92
4 21 76 22563 44 34
24.5 16.5 13.6 10.6 8.6 5262
18 15
1136961 0.25
114 7 8 86 0.8

153
000000
666666
3222 3 3
1211 11 1011 10
67
42176 2256 3 44 34
24.516 .51 3.610.686. 5262
24 4
1126 3700.26
110708 30.81
000000
666666
221 1 21
109 109 109
70
42176 2256 3 44 34
24.516 .51 3.6 10.686. 5262
2415
1166 4600.26
11 368 86 0.89
000000
666666
3 32222
121211 11 11 11
66
5247216561 .5 45 33.5
2315. 41276 . 9 34 34
18 4
1087 3800.24
10368 1040.81
000000
666666
20.51 1 00
9 77766
86
5247216561 5
. 45 33.5
2315. 41276 .9 34 34
18 15
1127 481 0.24
127 96 11 40.79
000000
666666
31 1 0.500.5
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12 7 7 76 7
61
5 24 72 16561 5. 45 33 .5
23 15 .4 12 76 9
. 34 34
24 4
11071 83 0.24
114 73 112 0.67
000000
666666
3 1 2 000
11 7 9666
81
5 24 72 16561 .5 45 33 5.
23 15.4 12 76 .9 34 34
24 15
10262 82 0.27
10862 1100.8
000000
666666
3 0.5 0.5 001
107 766 7
63
6 2567.5 15055 41 28
22 14.6 10.8 8 .3 8.3 44 34
18 4
11268 77 0.27
10865 93 0.75
000000
666666
1 2 1 0.5 00
7 9 7666
86
6 2567.5 15055 41 28
22 146. 10.8 8.3 8 .3 44 34
18 15
11367 72 0.29
109 70900.85
000000
666666
1 2 3 1 0.5 0.5
8 9 11 7 7 7
63
6 2567.5 15055 41 28
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22 41 .610.8 8 3
. 83
. 44 34
24 4
1006367 0.26
107 7094 0.81
000000
666666
2 2 31 00.5
9 1011 7 67
86
625 67 .5 15055 41 28
22 41.610.8 8 3
. 83
. 44 34
24 15
11062 68 0.28
115 64 960.97
000000
666666
2 2 30.5 0.5 0.5
109 11 7 7 7
63
7 2367 155 54 .5 42 27
21 14 8
. 11 1. 8 7 7. 4646
18 4
1207375 0.28
122 71 94 0.75
000000
666666
33332 2
12 12 12 12 11 11
81
7 2367 155 54 .5 42 27
21 14.8 11 .1 8 7 7. 4646
18 15
12066700.25
11062 91 0.87
000000
666666
3332 32
12 12 12 11 12 11
69
7 2367 155 54.5 42 27
21 14 .8 11 .1 8 7 7. 4646
24 4
117 72 68 0.24

156
122 71 84 0.74
000000
666666
334112
11 11 13 7 7 9
63
7 2367 155 54.5 42 27
21 14.8 11 .1 8 7.7 46 46
24 15
1116069 0.22
10564 900.72
000000
666666
422232
13 11 11 11 11 10
61
8 2868 172 57 42 30
22.5 13 .8 11 .3 9.3 8 9. 4038
18 4
118 73 72 0.26
122 58 91 0.85
000000
666666
1 0.5 1 000
8 7 8666
86
8 2868 172 57 42 30
22.5 13.8 11.3 9 3. 8 9. 4038
18 15
114 72 74 0.3
12069 98 0.89
000000
666666
1 2 1 000
7 9 8666
66
8 2868 172 57 42 30
22.5 13.8 11.3 9.3 8 9. 4038
24 4
1076162 0.25
11067 83 0.79
000000
666666

157
2 1 0.5 000
11 9 8666
73
82868172 57 42 30
22 .5 13 8
. 11 3. 9 .3 8.9 4038
24 15
115 7071 0.27
12067 89 0.96
000000
666666
2 2 1 000
11 109666
66
9 22 7016057.5 4031
21 14 8
. 11 7. 8.1 7 .1 5042
184
11965 75 0.27
12069 99 0.8
000000
666666
1 1 1 001
87 766 7
92
9 22 7016057 .5 4031
21 14.811 .7 8.1 7 1. 5042
1815
1106569 0.25
121 7099 0.95
000000
666666
2 2 0.5 0.5 0.5 1
10107 7 7 8
67
9 22 7016057 .5 4031
21 14 .811 7. 8.1 7 1. 5042
24 4
122 73 71 0.25
11367 101 0.9
000000
666666
2 2 1 1 00
1011 9 966
70

15 8
9227016057.5 40 31
21 1 4 . 811 7. 8.1 7.1 50 42
24 15
107 63 77 0.28
103 61 104 0.96
000000
666666
21 1 000
10 8 8666
66
102872177 62 42 31
23 .5 15 .212.4 7.9 9.5 46 4 8
184
10665 760.29
107 5 9 91 0. 84
000000
666666
3 221 00
121011 7 66
73
102872177 62 42 31
23 .5 15 .212. 4 7.9 9.5 46 4 8
1 815
11 3 627 3 0.27
9961990. 8
000000
666666
21 3 1 00
97 11 7 66
52
102872177 62 42 31
23 .5 15 2
. 12. 4 7.9 9.5 46 4 8
24 4
10861 760.25
1125 9 920. 82
000000
666666
2221 00
11 11 11 7 66
69
102872177 62 42 31
23 .5 15 .212.4 7 . 9 9.5 46 4 8
24 15

159
11567 79 0.26
1036 3 98 0.71
000000
666666
2 2 3 1 00.5
99 1176 7
52
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